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PREFACE 


This volume inaugurates a new series of Annual Reviews devoted to the 
field of physical chemistry. The initiation of such a new series requires that 
decisions be made both as to the scope of the field to be covered and as to the 
subdivisions into which the field shall be divided for the purposes of review- 
ing. In the case of physical chemistry, there are some subjects, such as 
chemical kinetics, photochemistry, colloid chemistry, studies of solutions of 
electrolytes, and also nonelectrolytes, which have always been considered as 
lying within the domain of physical chemistry. On the other hand, the field 
is separated by only the vaguest boundaries from physics on one side and on 
the other from what might be called applications of physical chemistry to 
organic and inorganic chemistry. In dealing with the borderline topics, the 
editors hope that the policy of selecting different authors each year will re- 
sult in the presentation of the subject matter involved in these topics from 
every point of view. In accordance with this idea, the authors have been 
asked to be critical and to give emphasis to various papers in keeping with 
their importance from the writer’s point of view. Nevertheless, the articles 
presented are of a review nature and are not intended as original contribu- 
tions by the various authors. 

The selection of the general topics for review has been made partially in 
accordance with the usual division of the subject matter as presented in texts 
on physical chemistry and partially in accordance with suggestions made by 
various people in reply to a letter sent out by Dr. J. Murray Luck. It is ex- 
pected that most of these topics will be reviewed each year, but there may 
be some revisions needed in order to give adequate coverage to new fields and 
to allow for variations in activity in the older ones. Furthermore, there are 
some subjects which are of such interest to physical chemists that they 
should be reviewed every few years although the amount of work published 
in any one year is not sufficient to warrant an annual review. In dealing with 
such subjects, there is no intention of entering into competition with the 
established review journals, such as Chemical Reviews or Reviews of Modern 
Physics, which present comprehensive reviews of a subject at rare intervals. 
Rather, it will be the policy to present a review of the progress in the field at 
more or less regular intervals which will be determined by the activity in the 
field. The editors will be glad to receive suggestions for supplementary re- 
views of this type. 

At this time, the editors wish to give public expression to their apprecia- 
tion of the efforts of the authors who have contributed to this volume. The 
magnitude of the task which they have accomplished is shown to some ex- 
tent by the numerous references cited. It is hoped that both research workers 
and students will find the reviews presented a great help in their work and a 
stimulus to engage in the study of new problems. 


H.E. J.W.W. 

Ce. E.B.W. 

W.F.L. —-R.ELP. 
G.K.R. 
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THERMOCHEMISTRY AND THE THERMODYNAMIC 
PROPERTIES OF SUBSTANCES 


By FREDERICK D. Rossin1,! DoNALD D. WAGMAN, WILLIAM H. Evans 
AND EDWARD J. PROSEN 
National Bureau of Standards, Washington 25, D. C. 


INTRODUCTION 


About 15 years or so have passed since the appearance of any publication 
giving a general review or survey of thermochemistry and thermodynamics. 
Because of the large number of research papers published in this period, the 
present review has been prepared primarily as a collection of references to 
these articles, with the thought that this would serve as an appropriate 
background for the reviews for the next and subsequent years which may 
give detailed discussions of the various phases of the subject in which signifi- 
cant advances have been made. 

The several topics are covered in the following order: values of the funda- 
mental constants, scale of temperature, statistical calculation of thermo- 
dynamic functions, entropies from the Third Law, energies of dissociation 
from spectral data and the energy of formation of gaseous monatomic carbon, 
calorimetry, heats of reaction, and compilations of data. 


VALUES OF THE FUNDAMENTAL CONSTANTS 


It is well recognized that for most calculations in physical chemistry, 
and particularly those in thermodynamics, a set of selected and self-con- 
sistent values of the fundamental constants is needed. Such sets were pro- 
vided in 1926 by the International Critical Tables (1) and in 1929 by Birge (2). 
Revisions of Birge’s list were made in a number of papers published in the 
period from 1932 to 1945 (3 to 15). Other publications dealing with various 
phases of the subject are the following: International Union of Chemistry 
(16), International Steam Tables Conference (17), Wensel (18), Peffer & 
Mulligan (19), Cragoe (20), Curtis (21), Mueller & Rossini (22), Crittenden 
(23), Wilts (24), Schwarz & Bearden (25), Bethe & Longmire (26), Thomas, 
Driscoll & Hipple (27), DuMond, Lind & Watson (28), Bergstrand (29), 
and Gardner & Purcell (30). A complete and extensive correlation of the val- 
ues of the atomic constants was made by DuMond & Cohen (31), with a 
revision by DuMond (32). One of the important conclusions of this correla- 
tion was the need for revising upward the presently accepted value for the 
Faraday constant. A new physical method for determining the value of the 
Faraday constant from measurement of the value of e/m for a proton was 
reported by Hipple, Sommer & Thomas (33). A self-consistent set of values 
of the fundamental constants was published by the American Petroleum 
Institute Research Project 44 in connection with its work on the properties 
of hydrocarbons and related compounds (34) and also as part of the tables of 
Selected Values of Chemical Thermodynamic Properties (35). 


1 Now at the Carnegie Institute of Technology, Pittsburgh, Pennsylvania. 


1 








2 ROSSINI, WAGMAN, EVANS, AND PROSEN 


SCALE OF TEMPERATURE 


A report on the 1948 international scale of temperature was published 
by Stimson (36). Giauque (37) proposed that the scale of temperature be 
defined, as originally suggested by Kelvin, with one fixed point (the ice 
point) in combination with the absolute zero, rather than with two fixed 
points (the ice point and the steam point). An extensive collection of papers 
relating to the measurement and control of temperature in science and in- 
dustry, including a number of articles dealing with the scale of temperature, 
was published in 1941 under the auspices of the American Institute of 
Physics (38). 


STATISTICAL CALCULATION OF THERMODYNAMIC FUNCTIONS 


A considerable amount of work has been done in recent years on the 
statistical calculation of thermodynamic functions for gaseous molecules. 
Most of the work in this field through 1939 has been reviewed by Wilson 
(39) and Kelley (40). 

The following references cover inorganic compounds reported since 1939 
and include several older papers not previously reviewed: Anderson & Burg 
(41), B2H.e; Aston, Kennedy & Messerly (42), Si(CHs3)4; Bigeleisen, Mayer & 
Stevenson (43), UF,; Clusius & Faber (44), GeH,; Clusius & Frank (45), A; 
Clusius, Popp & Frank (46), HD; Eyster & Gillette (47), HN3; Forsythe & 
Giauque (48), HNO;; Holden, Speiser & Johnston (49), Be; Johnston & 
Long (50), HD; Kassel (51), O3; Kelley (52), NOs, N2O4; Kelley, Naylor & 
Shomate (53), Mn; Kirshenbaum (54),!5N.; Lewis & von Elbe (55), OH; 
Libby (56), He, 'He, 'H?H, *He, 'H3H, 7H*H, *H2, H.O, 7H2O, #H,O, tH*HO, 
1H°HO, ?H*HO; Linnett (57), HCl; McCallum & Leifer (58), PN; McDow- 
ell & Hughes (59), SCl.; Pitzer (60), B2Hs; Potter (61), CIF; Russell, Rundle 
& Yost (62), AsF3; Ryss (63), SiFy; Schafer & Wicke (64), CIF3; Shand & 
Spurr (65), O2, O3; Spencer (66), BF3, BCl;, BBr3; Stevenson (67), BiH, 
BiCl, BiBr, Bil, PbH, PbCl, PbBr, PblI, InH, InCl, InBr, InI, TIH, TICI, 
TIBr, TI, ZnH, ZnCl, ZnBr, ZnI, CdH, CdCl, CdBr, CdI, HgH, HgCl, 
HgBr, HgI, CuH, CuCl, CuBr, Cul, AgH, AgCl, AgBr, AgI, LiH, LiCl, 
LiBr, Lil, NaH, NaCl, NaBr, NaI, KH, KCl, KBr, KI, RbH, RbCl, RbBr, 
RbI, CsH, CsCl, CsBr, CsI; Stevenson & Yost (68), P, Ps, Ps, PHs, PFs, 
PCl;, PCl;, POCI3, PBrz, PSCl3; Stockmayer, Kavanagh & Mickley (69), 
SO;; Thompson (70), NH3; Webb, Neu & Pitzer (71), BsHs; Wieland & 
Herczog (72), CdI, CdIz; Woolley (73), O2.; Woolley, Scott & Brickwedde 
(74), He, 1H?H, 7H2; Zimm & Mayer (75), NaCl, KCl, KBr, KI; Rossini 
e al. (76), O, H, Cl, Br, Cle, HCl, Bre, HBr, I, 1,, HI, N, Si, Ge, Sa, C. 

The following references cover the organic compounds reported since 
1939 and not previously reviewed: Aston (77), C.H;0H; Aston et al. (78), 
1-butene; Aston, Fink & Schumann (79), cyclopentane; Aston, Kennedy 
& Schumann (80), isobutane; Aston & Messerly (81), n-butane; Aston 
et al. (82), N(CHs3)3; Aston & Szasz (83), 1,2-butadiene; Aston, Szasz & 
Isserow (84), C2H;OH; Aston ef al. (85), 1,3-butadiene, trans-2-butene, 
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1-butene; Barrow & Pitzer (86), CH3SH, C2H;SH, (CH:)2S; Beckett, Free- 
man & Pitzer (87), cyclopentene, cyclohexene; Beckett & Pitzer (88), 
styrene; Beckett, Pitzer & Spitzer (89), cyclohexane, methylcyclohexane; 
Brickwedde, Moskow & Aston (90), cyclohexane; Clusius, Popp & Frank 
(91), CH;?7H (CH;D); Edgell! & Glockler (92), CH3F, CH2Bre, CH3I; Eucken 
& Schréder (93), CF4; Ewell & Bourland (94), CH;CN, CH3;NC; Frank- 
Kamenetzky & Markovich (95), CH;CCH, CH2zCCH:2; Giauque & Gordon 
(96), ethylene oxide; Giauque & Jones (97), COCI.; Glockler & Edgell (98), 
CHF3;, CHCLF, CHCIF:; Godnev & Filatova (99), trans-1,2-dichloroethylene, 
cis-1,2-dichloroethylene, monochloroethylene; Godnev, Paychina & Sverdlin 
(100), acetone; Gordon & Giauque (101), monochloroethane; Gwinn & 
Pitzer (102), 1,2-dichloroethane; Halford (103), methanol, acetone, acetic 
acid; Halverson, Stamm & Whalen (104), vinyl cyanide; Jones & Giauqve 
(105), CHsNOz; Justi & Langer (106), CF2Clz, CF;Cl, CFCl3; Justi & Langer 
(107), CFCl3, CF2Ch, CF3sCl; Kemp & Pitzer (108), ethane; Kennedy, 
Sagenkahn & Aston (109), acetone; Kienitz (110), propylene, propane; 
Kilpatrick et al. (111), allene, 1,2-butadiene; Kilpatrick & Pitzer (112), 
2,2-dimethylbutane; Kilpatrick & Pitzer (113), ethylene, propylene, 1- 
butene, cis-2-butene, trans-2-butene, isobutene; Kilpatrick, Pitzer & Spitzer 
(114), cyclopentane; Kilpatrick et al. (115), methylcyclopentane; Kistiakow- 
sky & Gershinowitz (116), CN; Kistiakowsky & Rice (117), propylene, 
cyclopropane; Kline & Turkevich (118), pyridine; Messerly & Aston (119), 
CH;Cl; Messerly & Kennedy (120), 2-pentane; Morino, Watanabe & Midzu- 
shima (121), 1,2-dichloroethane; Oliver, Eaton & Huffman (122), benzene; 
Osborne, Doescher & Yost (123), (CH3)2S; Pace & Aston (124), C.F¢.; Pitzer 
(125), methane, ethane, n-butane, n-pentane; Pitzer (126), propane; Pitzer 
(127), n-pentane; Pitzer & Gwinn (128), CHsNO,; Pitzer & Scott (129), 
isopentane, tetramethylmethane; Pitzer & Scott (130), benzene, toluene, 
o-xylene, m-xylene, p-xylene, 1,3,5-trimethylbenzene; Pitzer & Weltner 
(131), acetaldehyde; Ruehrwein & Powell (132), cyclopropane; Russell, 
Golding & Yost (133), CH3CF3; Russell, Osborne & Yost (134), CH3SH; 
Scott, Ferguson & Brickwedde (135), cis-2-butene; Scott et al. (136), 2- 
methyl-2-butene; Schumann, Aston & Sagenkahn (137), iospentane; Smith 
(138), acetaldehyde; Taylor et al. (139), benzene, toluene, ethylbenzene, 
o-xylene, m-xylene, p-xylene, 1,3,5-trimethylbenzene; Thompson (140 to 
143), (CH3)2S, C302, 7H2zCO, COCl, CSCl, C2N2, CHsCN, CHs, CsHe; 
Waddington et al. (144), thiophene; Wagman et al. (145), acetylene, methyl- 
acetylene, dimethylacetylene, ethylacetylene; White (146), CN; Yost, 
Osborne & Garner (147), dimethylacetylene; Zeise (148), CN; Ziomek & 
Cleveland (149), CH;CCCl, CH;CCBr, CHsCCI, CH;CCH, CH;CC*H 
(CH;CCD), Cole. 

Theoretical investigations relating to the statistical calculation of ther- 
modynamic functions from spectroscopic and other molecular data were 
performed as follows: Gordon & Barnes (150) developed equations and tables 
for the approximate calculation of thermodynamic functions for diatomic 
molecules; Wilson (151) derived equations giving corrections for rotational 
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stretching; Crawford (152) made calculations for a molecule consisting of a 
rigid framework with attached symmetrical tops; Pitzer & Gwinn (153) 
developed tables for the evaluation of the contribution for a single symmetri- 
cal top attached to a rigid frame; Pitzer (154) showed that these same tables 
were applicable to an asymmetric top attached to a rigid frame; Kilpatrick 
& Pitzer (155) considered the case of any number of linked rotating groups 
attached to rotating groups and applied the method to 2,2-dimethylbutane 
and trans-3-hexene; Stockmayer, Kavanagh & Mickley (156) calculated 
corrections for anharmonicity in oscillating systems; Wagman et al. (157) 
gave a convenient method for correcting previously calculated thermody- 
namic functions for changes in the values of the fundamental constants; 
King, Hainer & Cross (158, 159) made calculations of energy levels for rigid 
asymmetric rotators; Golden (160, 161) and Golden & Bragg (162) developed 
formulas for asymmetric rotators, including the effects of centrifugal dis- 
tortion and two-fold degeneracy. 


ENTROPIES FROM THE THIRD LAW 


Many investigations on the evaluation of entropies by application of 
the Third Law have been performed in recent years. The work on organic 
compounds through about 1931 has been reviewed by Parks & Huffman 
(163), and the work on inorganic compounds through about 1940 has been 
reviewed by Kelley (164). 

Additional references to bring the coverage on inorganic compounds up to 
date are the following: Aston and his associates (165, 166), Si(CH3)4; Clus- 
ius & Faber (167), GeHy; Clusius & Frank (168), A; Coulter, Pitzer & 
Latimer (169), K2PtCl¢, UO.(NO3)2-6H.O; Fornoff, Pitzer & Latimer (170), 
2La(NOs3)3-3Mg(NOs3)2:24H20; Forsythe & Giauque (171), HNO; and its 
mono- and tri-hydrates; Giauque & Meads (172), Cu, Al; Kanda (173), Fo; 
Kelley (174 to 180), BsC, B2O3, SiC, ZrSiO., FesSi04, MnSiO;, CaC2, Fe, 
MgSiO;, Mg2SiO., ZrOo, Ti, TiC; Kelley et al. (181), CrsC2, CrsC, Cr;Cs; 
Kelley & Moore (182 to 185), MnOs, Mn3C, CaCl, FeCl, MnCh, MgCl. 
and its mono-, di-, tetra-, and hexa-hydrates, NasSO3, CaSO;, MnS,0¢- 2H20; 
Kelley, Naylor & Shomate (186), Mn (a@ andy); Kelley, Southard & Anderson 
(187), CaSO, (a2 and B), CaSO,- 1/2H20 (a and B), CaSO,- 2H,20; Kelley, Todd 
&Shomate (188), CaO: 1/3B203, CaO- 1/2B.03, CaO- B03, CaO: 2B203; Lyon 
& Giauque (189), FeSO,-7H.O; Long & Toettcher (190), Ni(NH3)6(NOs) 2; 
Meads, Forsythe & Giauque (191), Ag, Pb; Moore & Kelley (192), K2SOx, 
MgSQ,, FeSO,, MnSO,; Mosesman & Pitzer (193), SiO: (quartz, cristo- 
balite and tridymite); Pitzer (194), AgI; Russell, Rundle & Yost (195), 
AsF 3; Scott et al. (196), N2H4; Seltz, Dunkerley & DeWitt (197), WOs, MoOs; 
Shoinate (198 to 205), MgCr.04, FeCrO,, Alz(SO,)3, Alo(SOs)3-6H2O, KAI- 
(SO4)2, KAI(SO4)2-12H2O, (NH,4)2SO4, NH,AI(SO,)2, NHsAl(SO,)2- 12H.20, 
TiO, Ti,O3, TisOs, TiN, MgTiO3, CaTiO;, FeTiO3, NasTiOs, NazTisOs, 
NagTi3;0;7, TiO, (rutile and anatase), VCl., VCl3;; Shomate & Cook (206), 
Al,O3- H20, Al,O3:3H20; Shomate & Kelley (207, 208), Mg(NOs)2, Ca(NOs)s, 
Ba(NOs3)s, Al(NO3)3:6H,0, VN, VC; Southard & Milner (209), Ca3(PO,)2 








THERMOCHEMISTRY 5 


(a and 8); Stephenson & Adams (210, 211), NHsH2AsO,, Age2H3I0¢; Stephen- 
son & Hooley (212), KH2PO,4; Sephenson & Zettlemoyer (213, 214), KH2AsO, 
NH,4H2PO,; Stout & Adams (215), MnF2; Todd (216), MgF2, CaF2; Todd & 
Coughlin (217), NH4,VO3; Westrum & Pitzer (218), KF, KHF2; Wacker & 
Cheney (219), UO.F2; Ziegler & Messer (220), NH,Cl. 

The following references cover investigations on organic compounds not 
reviewed by Parks & Huffman (163) and Kelley (164): Ahlberg, Blanchard & 
Lundberg (221), glycerol, benzene; Anderson & Stegeman (222), B-lactose 
B-lactose monohydrate, B-maltose monohydrate; Aston, Eidinoff & Forster 
(223), (CH3)2NH; Aston et al. (224), 1-butene; Aston, Fink & Schumann 
(225), cyclopentane; Aston,Kennedy & Schumann (226), isobutane; Aston 
& Messerly (227, 228), tetramethylmethane, n-butane; Aston et al. (229), 
(CH3)3N; Aston, Siller & Messerly (230), CHsNH2; Aston & Szasz (231), 
1,2-butadiene; Aston, Szasz & Fink (232), cyclohexane; Aston & Ziemer (233), 
CH3NH;Cl; Bekkedahl & Wood (234), isoprene; Coulter, Pitzer & Latimer 
(235), N(CH3)4I; Deese (236), n-CyHgBr, n-CsHy Br, n-CeHisBr; Douslin & 
Huffman (237, 238), cyclopentane, methylcyclopentane, methylcyclohexane, 
n-hexane, 2-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane; Egan 
& Kemp (239), ethylene; Ellis (240), biphenyl; Fischl et al. (241), 11-n- 
decylheneicosane; Furtsch & Stegeman (242), B-lactose; Giauque & Gordon 
(243), ethylene oxide; Giauque & Jones (244), COC; Gordon & Giauque 
(245), C2H;Cl; Guthrie & Huffman (246), isopentane; Guthrie, Spitzer & 
Huffman (247), ethylbenzene; Guttman & Pitzer (248), trans-2-butene; 
Guttman, Westrum & Pitzer (249), ethylbenzene, styrene; Gwinn & 
Pitzer (250), 1,2-dichloroethane, 1,2-dibromoethane; Halford (251, 252), 
CH;COOH, (CH;COOH)., (HCOOH),.; Hicks, Hooley & Stephenson (253), 
CCl; Huffman (254), hippuric acid, glycylglycine, pL-alanylglycine, hip- 
purylglycine, pt-leucylglycine; Huffman & Borsook (255), D-alanine; 
Huffman, Eaton & Oliver (256), cyclopentene, cyclohexene; Huffman & 
Ellis (257, 258), L-cystine, L-cysteine, B-thiolactic acid, 8,6’ -dithiodilactic 
acid, L-tyrosine, D-arginine, DL-alanine, pL-leucine; Huffman, Ellis & Bor- 
sook (259), L(d—)-lactic acid, p(/+)-lactic acid, ornithine dihydrochloride, 
p-glutamic acid hydrochloride, guanidine carbonate; Huffman & Fox (260), 
taurine, creatine hydrate, DL-citrulline, L-proline, pL-ornithine; Huffman, 
Todd & Oliver (261), ethylcyclohexane, 1,cis-2-dimethylcyclohexane, 1,trans- 
2-dimethylcyclohexane, 1,cis-3-dimethylcyclohexane, 1,trans-3-dimethyl- 
cyclohexane, 1,cis-4-dimethylcyclohexane, 1,trans-4-dimethylcyclohexane 
Jack & Stegeman (262), L-sorbose, a-D-galactose; Jacobs & Parks (263), 
cyclopentane, pyrene, dioxane, thiophene; Jones & Giauque (264), nitro- 
methane; Kemp & Egan (265), m-propane; Kennedy, Sagenkahn & Aston 
(266), acetone; Kennedy, Shomate & Parks (267), 3,3-dimethyl-1-butene; 
Kilpatrick & Pitzer (268), 2,2-dimethylbutane; Kistiakowsky & Rice (269), 
propane, propylene; Kline & Turkevich (270), pyridine; Messerly & Aston 
(271), CH3;Cl; Messerly & Kennedy (272), n-pentane; Oliver, Eaton & 
Huffman (273, 274), benzene, cyclopentene; Osborne, Doescher & Yost 
(275), (CH3)2S; Osborne et al. (276), CCl3F; Pace & Aston (277), C.Fe; 
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Parks, Huffman & Barmore (278), urea, glycine, ethyl acetate; Parks & 
Light (279), n-tetradecane, o- ,m-, and p-hydroxybenzoic acid; Parks, 
Thomas & Light (280), pL-lactic acid; Parks, Todd & Moore (281), triphenyl- 
benzene, o-phthalic acid, o-phthalic acid anhydride, benzyl alcohol, nitro- 
benzene, pyridine, quinoline, thiophenol; Parks, Todd & Shomate (282), 
1,4-pentadiene, 2,3-dimethyl-2-butene, 1-heptene, 2,4,4-trimethyl-1-pentene, 
2,4,4-trimethyl-2-pentene; Parks, West & Moore (283), 2-methylnonane, 
3-methylnonane, 4-methylnonane, 5-methylnonane; Pearce & Bakke (284), 
pyridine; Pitzer (285, 286), 1,2-dibromoethane, 1,2-dichloroethane, 2,2,4- 
trimethylpentane; Pitzer, Guttman & Westrum (287), styrene; Pitzer & 
Scott (288, 289), 2,3,4-trimethylpentane, benzene, toluene, o-xylene, m- 
xylene, p-xylene; Powell & Giauque (290), propylene; Rubin, Levedahl & 
Yost (291), 1,1,1-trichloroethane; Ruehrwein & Giauque (292), C.No; 
Ruehrwein & Huffman (293, 294), cyclohexane, urea; Ruehrwein & Powell 
(295), cyclopropane; Russell, Golding & Yost (296), 1,1,1-trifluoroethane; 
Russell, Osborne & Yost (297), CH3SH; Schumann & Aston (298, 299), 
ethanol, acetone, isopropanol; Schumann, Aston & Sagenkahn (300), iso- 
pentane; Scott & Brickwedde (301), ethylbenzene; Scott, Ferguson & 
Brickwedde (302), cis-2-butene; Scott et al. (303), 1,3-butadiene; Scott et al. 
(304), 1-pentene, 2-methyl-2-butene; Southard & Brickwedde (305), naph- 
thalene; Southard, Milner & Hendricks (306), n-amyl ammonium chloride; 
Stiehler & Huffman (307), alloxan, allantoin, adenine, hypoxanthine, 
xanthine, uric acid, guanine; Stout & Fisher (308), formic acid; Stull (309), 
n-hexane, 2-methylpentane, 2,2-dimethylbutane, fluorobenzene, chloro- 
benzene, bromobenzene, iodobenzene; Todd, Oliver & Huffman (310), 
1-pentene, cis-2-pentene, trans-2-pentene, 2-methyl-1-butene, 2-methyl-2- 
butene, 3-methyl-1-butene; Todd & Parks (311), cis-2-butene, trans-2- 
butene, isobutene; Waddington et al. (312), thiophene; Witt & Kemp (313), 
ethane; Yost, Osborne & Garner (314), dimethylacetylene. 


ENERGIES OF DISSOCIATION FROM SPECTRAL DATA AND THE ENERGY OF 
FORMATION OF GASEOUS MONATOMIC CARBON 


Summaries of the work and results on the evgluation of energies of disso- 
ciation of diatomic molecules from spectral data to 1938 have been published 
by Herzberg (315) and to 1946 by Gaydon (316). Additional discussion, 
particularly regarding the energies of dissociation of carbon monoxide and 
nitrogen, concerning which there has been considerable difference of opinion, 
has been given by Springall (317), Long & Norrish (318), Schmid, Geré & 
Zemplén (319), Valatin (320, 321), and Long (322), among others. 

The energy of formation of gaseous monatomic carbon is an important 
constant the value of which may be obtained by several independent meth- 
ods: determination of the vapor pressure of solid carbon as a function of 
temperature, which evaluates the heat of sublimation of carbon; determina- 
tion of the energies of dissociation of the gaseous diatomic molecules CO and 
CN; energies of electron bombardment of carbon monoxide; and calculations 
of bond energies for appropriate carbon-containing molecules. A summary of 
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the data through 1945 is given by Bichowsky & Rossini (323). At that time 
it appeared that the value for the heat of sublimation of carbon at 0° K., 
derived in any of the ways mentioned above, could be one of several lying 
in the range 110 to 170 kcal. per mole. Subsequent further analysis of the 
existing spectral data by Herzberg (324) favored a value near 125 kcal. per 
mole. Later data and information bearing on this controversial question have 
been published by Gaydon (316), Long & Norrish (318), Valatin (321), Long 
(322), Schmid & Geré (325), Brewer, Gilles & Jenkins (326), Hagstrum & 
Tate (327), Hagstrum (328), Glockler (329), and Pauling & Sheehan (330). 


CALORIMETRY 


Improvements in the apparatus and procedure for making calorimetric 
measurements needed in thermochemistry and thermodynamics were re- 
ported within the past 15 years by the following investigators: Southard 
(331), Kelley, Naylor & Shomate (332), and Ginnings & Corruccini (333, 334), 
on the measurement of heat content (enthalpy) asa function of temperature 
to high temperatures; Giauque & Egan (335), Kemp & Giauque (336), 
Giauque & MacDougall (337), Lyon & Giauque (338), Ruehrwein & Huff- 
man (339), Southard & Brickwedde (340), Aston & Messerly (341), Yost 
et al. (342) and, Ziegler & Messer (343), on the measurement of heat capaci- 
ties, heats of transition, and heats of fusion down to low temperatures; Os- 
borne, Stimson & Ginnings (344, 345, 346) and Sage, Evans & Lacey (347), 
on the measurement of heat content (enthalpy) and heats of vaporization; 
Gulbransen & Robinson (348), Gucker, Ayres & Rubin (349), Gucker, 
Pickard & Planck (350), Sturtevant (351, 352), Randall & Taylor (353), 
Hess & Gramkee (354), Hess (355), Burlew (356), and Williams (357), on 
the determination of heat capacities, heats of mixing, heats of dilution, or 
heats of solution of liquids near room temperature; Bennewitz & Rossner 
(358), Bennewitz & Schulze (359), Sage, Webster & Lacey (360), Kistiakow- 
sky & Rice (361), Pitzer (362), Montgomery & De Vries (363), Dailey & 
Felsing (364), Scott & Mellors (365), Wacker, Cheney & Scott (366), and 
Waddington, Todd & Huffman (367), on the determination of the heat 
capacities of gases; Rossini (368) and Prosen, Maron & Rossini (369), on 
the determination of heats of combustion in a flame at constant pressure; 
Prosen & Rossini (370, 371), Jessup (372), Huffman (372a), Huffman & 
Ellis (372b), Coops et al. (372c), Hubbard, Knowlton & Huffman (373), and 
Sunner (374), on the determination of heats of combustion in a bomb at con- 
stant volume; Kistiakowsky et al. (375), on the determination of heats of 
hydrogenation in the gaseous phase at constant pressure; Conn, Kistiakow- 
sky & Smith (376) and Lacher et al. (377), on the determination of heats of 
halogenation in the gaseous phase at constant pressure; and Tong & Kenyon 
(377a), on the determination of heats of polymerization. 


HEATS OF REACTION 


Substantially all of the data relating to heats of reaction involving all 
chemical compounds except organic compounds containing more than two 








8 ROSSINI, WAGMAN, EVANS, AND PROSEN 


carbon atoms per molecule were reviewed by Bichowsky & Rossini (378) 
through 1934. Data on the heats of combustion of organic compounds were 
reviewed by Kharasch (379) through 1927. Data on the heats of formation 
of alloys and intermetallic compounds were reviewed by Weibke & Kuba- 
schewski (380) through 1941. Asummary of thermochemical data published 
in the period from 1931 to 1934 was published by Roth (381). 

Following the above reviews, data yielding values for the heats of forma- 
tion of inorganic compounds were reported as follows: Batalin & Shcherba- 
kov (382), S2Cl.; Becker & Roth (383 to 386), NH4sNO3, GeO., CdO, Cd(OH), 
ZnO, Ta,0;, Cb.0;; Bertram & Roth (387), AgCl, AgBr, AgI, KI3; Blair & 
Yost (388), ICl, IBr, BrCl; Bommer & Hohmann(389, 390, 391), MgCh, 
ScCls3, YCls, LaCls3, CeCls, PrCls, NdCls, GdCls, DyCls, HoCls, ErCls;, TmCls, 
LuCl;, ScBr3, YI3, LalI3, Cel3, Prls, NdIs, SmI3, GdI3, DyIs, Hols, Erls, 

ml3, Lul;; Britzke, Kapustinskii & Chentzova (392), AseSe, AseS3, As2Os, 
As203-SO3, As.O3-As.0O;; Brown, Smith & Latimer (393), AgNO.; Budnikov 
(394), Al,O3- 2SiO.-2H.O; Canneri & Rossi (395, 396), LaCls;, LaAly, LaAls, 
MgCh, Al@l3, PrCl;, PrAl,; Carlton-Sutton, Ambler & Williams (397), N.O; 
Carson, Hartley & Skinner (398, 399), Cd(CH:3)2, Cd(C2Hs)2, CHsI; Cent- 
nerszwer & Blumenthal (400), LisOo, K2O3, Rb.O3:, Rb.O,; Cirilli (401), hy- 
drates of CaO-1/4 Al,O3, CaO-1/3 Al,O3;, CaO-1/2 Al.O3; Coulter & May- 
bury (402), LiBr, NaCl, NaBr, KBr, CsBr; Davis, Mason & Stegeman 
(403), LiBHy, LiAlH,; Dode (404, 405), HNO, LiNO., NaNOo, KNOz, 
Ba(NOz)2, Sr(NOz)2; Douglas (406), (CH3)2SO.; Eastman & Milner (407), 
AgBr-AgCl; Eggersgluess, Monroe & Parker (408), B2O3; Feher & Heuer 
(409), H2Se, HeS3, H2S4; Flood & Sletten (410), AgCl- AgBr; Fontana & Lati- 
mer (411), NaClO.; Fowler et al. (412),CoF3; Frandsen (413), P,O;; Franck & 
Bank (414), Ca(CN)2, Ba(CN)2, BaCN2; Franck & Bodea (415), Ca3No; 
Franck & Fiildner (416), Ca3P; Fricke & Ackermann (417, 418), ZnO, Zn(OH). 
FeO(OH), Fe:O3:H.O; Fricke & Blaschek (419), CdO, Cd(OH)2; Fricke & 
Dénges (420), Sb.S3; Fricke & Diirr (421), ZnO-Fe.O;3; Fricke, Gwinner & 
Feichtner (422), CuO, Cu(OH)>.; Fricke & Klenk (423); FexO3-nH,0O; Fricke, 
Lohrmann & Wolf (424), Fe304; Fricke & Meyer (425, 426), HAuChk, CuCl; 
Fricke & Meyring (427, 428), ZnO, Zn(OH),2; Fricke & Rihl (429), Fe(OH); 
Fricke, Schnabel & Beck (430), Mg(OH).2; Fricke & Wullhorst (431), ZnO, 
Zn(OH)s, Al(OH); (bayerite and hydrargillite), BeO, Be(OH)2; Fricke & 
Zerrweck (432), Fe2O3, Fes0Ox,, FeO(OH); Giauque & Archibald (433), 
Mg(OH).; Gellner & Skinner (434), AgBr; Goodeve & Marsh (435, 436, 
437), ClOs, Cl.O;; Gunther (438) and Gunther, Meyer & Miiller-Skjold 
(439), HN3; Gunther, Wassmuth & Schryver (440), O3; Gunther & Wekua 
(441), HI, ClO; Hahn & Juza (442), Cd3Ne2, InN, GaN, GeOs, GesNa; 
Hartmann, Eckelmann & Beerman (443), Las(CN2)3; Hieber & Appel 
(444), ZnCl.- 2Ne2Ha, ZnCle: CoH4(N He), ZnCle- 3C2H4(N He) 2, ZnClo- 
2CsHsNH2, ZnCle-2CsHsN, ZnCle- (o-CsH4(NH2)2), ZnCle- 6(0-CsHa(N H2)2), 
ZnBre-2N2Hg, ZnBre2- CoHa(NHae)2, ZnBre: 3C2H4(N He)2, ZnBre- 2CsHsN Hz, 
ZnBrz: 2C;H;N, ZnBrz: 3(0-CgsH4(N He)2), ZnIo-2Ne2Hsz, ZnIe- CoH4(N He)2, 
ZnlI.: 3C2H4(N H2)s, ZnIy: 2CsH;N Hag, Znl.- 2C;H;N, ZnlI.- 3(0-CsH4(N He2)2); 
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Hieber, Appel & Woerner (445), Fe(CO)sBre, Fe(CO)4I2, FeCl.:-2CsHsN, 
FeCl.-4C;5HsN, FeCle-6CsHsN, FeCle- 3C2H4(NH2)e, FeBre:2CsHsN, FeBrz: 
4C;H;N, FeBre-6CsHsN, FeBre-3C2H4(NHo)2, Fele-2C35HsN, Fele-4C;HsN, 
Fels:-6CsH;N, Fels: 3C2H4(NH2)2; Hieber, Behrens & Teller (446), Fe(CO)s; 
Hieber & Feder (447), CuCle-CsHs(NH2)2, CuCle:2C2Hy(NHe)2, CuCle: 
2CsH;N, CuBre- C2H4(NH2)2, CuBre:2C2H4(NH2)2, CuBre:2Cs5HsN, CuBre: 
6CsH;N, HgCle-CsH4(NHoe)2, HgCle-2/3CsHsN, HgClh-CsHsN, HegCle- 
2CsHsN, HgBre-C2H4(NHe)e, HgBre-CsHsN, HgBre-2CsHsN, Hgle- CoHe- 
(NHe)2, HgIe-2CsHsN; Hieber & Miihlbauer (448), CoCl.-2NeH,, CoCle- 
CoH4(N Ha)2, CoCle- 3C2H4(NH2)2, CoCle- 2C5H;N He, CoCle- (o-CgH4(N He)2), 
CoCl.: 4(0-CsH4(NH2)2), CoCle-6(0-CsH4(NH2)2), CoCl-2CsHsN, CoCle- 
4C;H;N, CoBre:-2N2H4, CoBre- 2Cs5H;sN Heo, CoBre- 4(0-CsH4(NHe2)2), CoBre- 
2CsHsN, CoBre-4CsHsN, CoBre-3/2CsHs(NH2)2, CoBre-3C2H4(N Ha), 
Col.-2Cs5HsN Hz, Col,:4(0-CgH4(N He)2), Cole: 3C2H4(NH2)s, Col: 2C;H;N, 
Col.:6Cs5HsN, Co(CNS)2:4C;HsN; Hieber & Woerner (449, 450), Fe(CO)4Cle, 
Fe(CO),4Bre, Fe(CO),4I2, CoCle- 2NeH4, CoCle- 2C;H;OH, CoCls: 3C2H4(OH)>, 
CoCls: CsHsN, CoCle- 2CsHsN, CoCle-4CsHsN, CoCle- 3C2H4(N H2)2, CoCle- 
4(0-CsH4(NH2)2), CoBre-2CH;0H, CoBre-2C2H;OH, CoBre:-2C2H4(OH). 
CoBre: 3C2H4(OH)2, CoBre- 3C2H4(NH2)2, Cole-3C2Hs4(NH2)2; Hofmann & 
Marin (451), KCIO3, KClOs; Héltje & Schlegel (452), CuCl-nPH;, CuBr: 
nPH;, Cul-nPH3, Agl-1/2PH3, Aul-PH3; Huff, Squitieri & Snyder (453), 
WO;; Hughes, Corruccini & Gilbert (454), NeHs, NeHs-H20; Jacobs (455), 
PBr;, PBrs; Johannson & Thorvaldson (456), 2CaO-SiO.(8 and vy), 3CaO- 
SiOz; Jones et al. (457), Hg(CsH7z)2, Hg(CsHs)2, Hg(CsHi1)2, Sn(C2Hs)s, 
Sn(C3H7)4, Sn(CsH9)s, Sn(CsHi1)4; Juza, Fasold & Haeberle (458), LiN Ha, 
NaNH»s, KNHe, RbNHe, CsNHe; Juza, Fasold & Kuhn (459), Zn(NHo2)o, 
Cd(NH2)2; Juza & Hahn (460), CusN; Juza, Neuber & Hahn (461), Zn3N2; 
Kapustinskii (462, 463, 464), MnCOs, ZnS, SnCl,, ZnCl.; Kapustinskii & 
Dezideryeva (465), SrCO3; Kapustinskii & Korshunov (466 to 469), MgS, 
FeS, MnS, ZnS, CdS, AgeS; Kelley, Southard & Anderson (470), CaSQ,- 
2H.0; Khomyakov (471), BaCle-nH.O, CuSO,:nH,O; King, Torgeson & 
Cook (472), CaO-2B.03, Klemm & Jacobi (473), ZnBre, GaBr3, GaCl;; 
Klemm & Schnick (474), GazO, GazO3; Klemm, Tilk & Jacobi (475), GaCl;- 
nNH;3, GaBr3-nNH3, Gal3-nNH3; Kénneker & Biltz (476), MnS; Kor- 
shunov (477, 478, 479), ZnS, CdS, FeS, SnS, PbS, Al.S;; Latimer & Zimmer- 
man (480), H2N.O2; Lautie (481), RbCN, CsCN; LeRoy & Hendricks (482), 
gluconic-y-lactone, gluconic-6-lactone; Lipin, Uskov & Klokman (483), 
FeS2; Long & Norrish (484), Cd(CHs3)2, Zn(CHs3)2, Zn(C2Hs)2, Zn(n-C3H7)2, 
Zn(n-C4Hg)2, Al(CH3)3, B(CH3)3; Matsuyama (485), KIO3;; Matsui (486) and 
Matsui & Kinjo (487), NaeFe:O,; McGraw, Seltz & Snyder (488), WC; 
McMillan, Roberts & Coryell (489), NasS.O,; Meichsner & Roth (490), 
Al.O3, AlyC3; Meldrum (491), NH 3-NI3; Mitchell (492), Mg3Ne; Naeser 
(493), FeS, Fe;C; Nees (494), CisH2201-3CaO; Neumann, Kréger & Kunz 
(495), BeO, BesN2, MoO3, MoNo, TiOs, TiN, Ta20Os, TaN, ZrOo, ZrN; New- 
man & Wells (496), CaSO,-nH.O; Ogg (497), NsO;; Ovenston & Terrey (498), 
cis- and trans-[Co(NHs3),Cl.JCl, cis- and trans-[Co(C2H4(NH2)2)2ClJCl; 
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dePassillé (499), (NH,)sAsOu, (NH,)sHAsO,, NH,H2AsO,; de Passillé & 
Séon (500), (NH4)3POu, (NH4)2HPO,«, NH4H2PO,; Pitzer (501, 502), NaCl, 
NaHSO,y, NaH2PO., NasHPO.«, HsPO4, NHsOH, Pb(NOs3)2, Pb3(PO,)2; 
Pitzer & Smith (503), AgoO; Pranschke & Schwiete (504), ZnO, AgoO, MgO; 
Rossini, Knowlton & Johnston (505), 7H2O(D.O); Roth (506 to 511), Na,O, 
NazQOx, AgCl, AgBr, NeH,: 2HCI, NoH4- HeSOu, B.Os, PbO, PbCOs, BaO, 
BaCO;, MgCO;, NaF, NaCl; Roth & Bérger (512, 513), B2O3, BsHs, HBr; 
Roth, Bérger & Bertram (514), BsHe, B2O3, HBOs, H3sBO3; Roth, Birger & 
Siemonsen (515, 516), HBr, HI, BeO, ZrO2z; Roth & Kaule (517), NaOH, 
Na2O, Na2O2; Roth, Meichsner & Richter (518), P2O;, Fe2P, FePO,; Roth & 
Richter (519, 520), HCl, CaO, CaSO,4, AloO3, Al,O3-nH2O, TiOs, TiO.-nH-.O, 
MnO, P.Os, SiOz; Roth & Rist-Schumacher (521), NaCl; Roth & Wienert 
(522), FeO, Fi 03, Fes04, FeCle; Roth, Wirths & Berendt (523), Al(OH); 
Roth & Wolf (524, 525, 526), TiO2, CaO, Cr2O3, 5CaO-3A1.03; Roth, Wolf & 
Fritz (527), AlzO3, LazO3; Ruff & Bretschneider (528), SiC; Ruff & Kwasnik 
(529), ReFs; Schmitz & Schumacher (530, 531), CIF, CIF3, NaF; Schulman & 
Schumb (532), As2O3; Schwiete & Hey (533), CaO, Ca(OH)2; Schwiete & 
Pranschke (534), CaO, Ca(OH)2, MgO, ZnO, Ag-O; Shartsis & Newman 
(535), SiOes, PbO, BO; (glass), PbO-nB2O3;, PbO-nSiO2; Shomate (536), 
MnOs, Mn3;04; Shomate & Huffman (537), MgO, MgCh, MgCl.-H.O, 
MgCl,.-2H20O, MgCl.-4H:0, MgCle-6H2O; Shomate & Young (538), 
Mn(NOs3)2, Mn(NO3)2:6H20; Siemonsen (539), MnOsz, Mn.O3, Mn30x4; 
Siemonsen & Ulich (540), V20O4, V2.0Os; Smith, Brown & Pitzer (541), AgNOs; 
Smith, Pitzer & Latimer (542), AgClOeo, AgeCrO.; Snyder & Seltz (543), 
Al.O3; Southard (544), CaSO,-nH.O; Southard & Shomate (545), MnO, 
MnSO,; Speakman & Stott (546), NaCl; Spedding ef al. (547), UHs3; von 
Stackelberg, Quatram & Dressel (548), HBO; Taylor & Wells (549, 550), 
CaO, Ca(OH)sz, CaCO3, Mg(OH)2; Terashkevich & Vishnevskii (551), 
NazFe.0,4; Thorvaldson & Brown (552), Ca(OH)2; Thorvaldson, Brown & 
Peaker (553), 3CaO-Al,03-nH.O; Thorvaldson, Edwards & Bailey (554), 
4CaO- Al.O;- Fe.O3; Todd & Miller (555), B2O3; Torgeson & Sahama (556), 
H.SiFs, CaO, CaSiO3, CaFs, MgCle, Mg(OH)s, MgSiOz, Mg2SiO., Fe2SiO,; 
Torgeson & Shomate (557), CaO: 2B203, CaO- B2O3, 2CaO- B2O3, 3CaO- B2O3; 
Ulich & Siemonsen (558), MnOe, Mn2O3, Mn304, Mn3C, MnCO;; Vanyukov 
& Kiseleva (559), CuoS, FeS, NisS2, CoS, MnS; Volzhenskii (560), CaSO,- 
nH.O; Wagner (561), CaSiO; (a2 and 8); Wallsley (562), MnCl.; Wallace & 
Goodeve (563), Cl,0, ClO2; von Wartenberg (564 to 568), CuO, CuF2, AgF2, 
PbO, PbF2, PbFs, CrCle, CrF3, CrF,, CaS, BeS, MgS; von Wartenberg & 
Hanisch (569), HCl; von Wartenberg, Reusch & Saran (570), MgCrO,, 
CaCrOy; von Wartenberg & Werth (571), CuCl, CuCl; Wetroff (572), 
(PN)n; Wohler & Jochum (573), CuO, Cu,O, PdO, IrO2, RhO, Rh,O, Rh2Os; 
Wohler & Schuff (574), KCIO3, CaSise, CazSiz, BaSis, BaSiz, SrSie, Sr2Sie; 
Yost & Sherborne (575), AseO3, AsF3; Young (576 to 579), Mg(NOs)2:nH.0O, 
CaCl, Ca(NO3)2:nH.O, AIC], Al(NOs3)3-nH.O, Al2(SO,4)3-nH.O, NH, AI- 
(SO,)2:nH.O; Zeumer & Roth (580 to 583), K2S20¢, ZnS, H2S, NaHS, Na.S, 
PbCl,-nH,0, Ag2S, PbS, FeS; Zimmerman & Latimer (584), Na2S,0s. 
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Data on heats of reaction involving organic compounds not included in 
previous reviews were reported as follows: Abe & Hara (585), sodium 
carbamate; Ambler (586), dibutylphthalate, diamylphthalate; Anderson & 
Gilbert (587), phenylamine, diphenylamine, benzoylamine, phenylhydrazine, 
tetraphenylhydrazine, dibenzoylhydrazine; Aston & Ziemer (588), 
CH;NH;Cl; Badoche (589 to 592), salicylic acid, 1-nitronaphthalene, 1,5- 
dinitronaphthalene, 1,8-dinitronaphthalene, 1,3,8-trinitronaphthalene, 1,4,5- 
trinitronaphthalene, 1,3-dinitrobenzene, 1,3,5-trinitrobenzene, 2,4-dinitro- 
toluene, 2,6-dinitrotoluene, 2,4,6-trinitrotoluene, 2,4-dinitro-m-xylene, 4,6- 
dinitro-m-xylene, 2,4,6-trinitro-m-xylene, phenol, m-cresol, anisole, phenetole, 
1-methyl-3-methoxybenzene, 2-naphthol, 2,4-dinitro-1-naphthol, 2-hydroxy- 
6-naphthalene sulfonic acid, 2,4-dinitro-1-hydroxy-7-naphthalene sulfonic 
acid, ammonium 2-hydroxy-6-naphthalene sulfonate; Baker & Tweed (593), 
1-methoxy-2,4,6-trimethylbenzene, 1-methoxy-2,4,5-trimethylbenzene; Ball 
(594), diphenylamine, diethylphthalate, sym-diethyldiphenylurea; Banse & 
Parks (595), m-octane, m-dodecane, 1,2,3,4-tetramethylbenzene, 1,2,3,5- 
tetramethylbenzene, 1,2,4,5-tetramethylbenzene, pentamethylbenzene, 
hexamethylbenzene, dibenzyl; Barrett & Linstead (596), cis- and trans-B- 
bicyclooctanone, cis- and trans-bicyclooctane-[0,3,3]; Becker & Roth (597, 
598, 599), dicyclopentadiene, dihydrodicyclopentadiene, tetrahydrodicyclo- 
pentadiene, tricyclopentadiene, dihydrotricyclopentadiene, tetrahydrotri- 
cyclopentadiene, tetracyclopentadiene, dihydrotetracyclopentadiene, di- 
cyclohexadiene, tetrahydrodicyclohexadiene, norcamphor, endo-ethylene- 
cyclohexanone, oxalic acid, ammonium oxalate, thiourea, cysteine, cystine; 
Beckers (600, 601), naphthalene, anthracene, n-dotriacontane, cetyl alcohol, 
benzoic acid, succinic acid, salicylic acid, phenyl salicylate, benzophenone, 
anthraquinone; Bent et al. (602, 603), hexaphenylethane, 1-heptene; Berliner 
(604), 2-methyl-1,4-naphthoquinone, 1,4-naphthohydroquinone, 2-methyl- 
1,4-naphthohydroquinone; Bills et al. (605), ergosterol; Blanck & Wolf (606), 
tartaric acid (D-, meso, and racemic), succinic acid, dimethyltartrate (p- and 
racemic), dimethyldimethoxysuccinate (meso); Bonino, Manzoni-Ansidei & 
Rolla (607), oxyacetophenone (0-, m-, and p-), 4-acetylresorcinol, 2,4-di- 
acetylresorcinol, 4,6-diacetylresorcinol; Briner, Bron-Stalet & Paillard (608), 
oxalic acid; Briner, Frank & Perrottet (609), dimethyl mesaconate, dimethyl 
citraconate; Briner, Gelbert & Perrottet (610), ethyl cinnamate ozonide; 
Briner, Ryffel & deNemitz (611), allylbenzene, ethyl fumarate ozonide, ethyl 
maleate ozonide, allylbenzene ozonide, safrol ozonide, iso-safrol ozonide, 
anethole ozonide, eugenol ozonide, iso-eugenol ozonide, estragol ozonide; 
Briill (612), biphenyl, tetrahydrobiphenyl, dicyclohexyl, 2-methylbiphenyl, 
3-methylbiphenyl, 4-methylbiphenyl, 3,3’-dimethylbiphenyl, 4,4’-dimethyl- 
biphenyl, 1,2-dicyclohexylethane, 2-chlorobiphenyl, 3-chlorobiphenyl, 4- 
chlorobiphenyl, 2,2’-dichlorobiphenyl, 4,4’-dichlorobiphenyl, 2,3,4’-tri- 
chlorobiphenyl, 4-bromobiphenyl, 2-aminobiphenyl, 4-aminobiphenyl, 3- 
nitrobiphenyl, 4-nitrobiphenyl, biphenyl-2-carboxylic acid, 2-cyanobipheny]; 
Burriel (613), naphthalene, anthracene, mannitol, phthalic acid, benzo- 
phenone, salol, anthraquinone, carbazole; Calvet (614), " HCONHz2, 
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CH;CON Hg, C,H;CON Hg, n-C3H7CON Hag, n-CsHgCON Hg, n-Cs5H:,CON Hz, 
CsH;CONH:, CH2zCICONH2, CHClCONH:2, CCl;CONH.; Campbell & 
Campbell (615), CHsCONH2; Chalenko (616), diphenyl ketone; Chalenko & 
Krivobabko (617), salicylic acid; Clark & Gaddy (618), urea; Clarke & 
Stegeman (619, 620, 621), B-lactose, a-lactose monohydrate, B-p-levulose, 
a-D-galactose, L-sorbose, B-maltose monohydrate, a-monomyristin, mono- 
palmitin (@ and 8), glucose pentaacetate (a-p- and B-p-); Clopatt (622), 
biallyl, allylbenzene, 8-methylstyrene, crotonic acid, dimethylacrylic alde- 
hyde (trans), ethylidene acetone, allylacetone, a-methyl-8-ethylacrolein; 
Conn, Kistiakowsky & Smith (623, 624), acetylene, methylacetylene, di- 
methylacetylene, cycloheptene, cyclooctene, cycloheptadiene, cyclohepta- 
triene, cyclopentanone, cyclohexanone, C2H4Cle, C2H«Bre; Conn et al. (625), 
acetic acid, trimethylacetic acid, propionic acid, isobutyric acid, maleic acid, 
succinic acid, tetramethylsuccinic acid, methylmaleic acid, and methylsuc- 
cinic acid and their anhydrides, methylenesuccinic acid, meso-a,6-dimethy]l- 
succinic acid, a,a-dimethylsuccinic acid and anhydride, dimethylsuccinic 
acid (pL-a,8) and anhydride (trans-a,8); Coon & Daniels (626), methyl 
acetate; Coops et al. (627, 628), 2,2,3-trimethylbutane, cis-2-pentene, trans- 
2-pentene, 1-heptene, 2-heptene, 3-heptene, 5-methyl-1-hexene, 1,5-hexa- 
diene, benzene, toluene, ethylbenzene, o-xylene, m-xylene, p-xylene, di- 
phenylmethane, triphenylmethane, tetraphenylmethane, 1,1-diphenyl- 
ethane, 1,2-diphenylethane, 1,1,1-triphenylethane, 1,1,2-triphenylethane, 
1,1,1,2-tetraphenylethane, 1,1,2,2-tetraphenylethane, pentaphenylethane; 
Coops et al. (629), benzoic acid; Corruccini & Gilbert (630), cis- and trans- 
azobenzene; Crog & Hunt (631), ethylene oxide, methylethylketone; Davies 
& Gilbert (632, 633), cis- and trans-decahydronaphthalene, each of the nine 
isomeric heptanes; Davis & Wiedeman (634), acrylonitrile; Delepine & 
Badoche (635), paraformaldehyde, a-trioxymethylene, polyoxymethylene, 
trinitroso-trimethylene triamine, trinitro-trimethylene triamine, dinitroso- 
pentamethylene tetramine, hexamethylene tetramine, hexamethylene dini- 
trate; Devoto (636), butyric acid, aminobenzenesulfonic acid (0-, m-, and p-), 
aminobenzoic acid (0-, m-, and p-), pyridine carboxylic acid (a and 8), 
quinoline carboxylic acid (a@ and 8); Dewey & Harper (637), carbon (graph- 
ite); Dolliver et al. (638), acetaldehyde, allyl alcohol, acetone, furan, croton- 
aldehyde, divinyl ether, methylethyl ketone, ethylvinyl ether, vinyl acetate, 
methyl methacrylate, 2-methoxy-2-butene, 2-ethoxypropene; Dolliver e¢ al. 
(639), 3-methyl-1-butene, 3,3-dimethyl-1-butene, 4,4-dimethy]-1-pentene, 
2,4,4-trimethyl-1-pentene, 2,4,4-trimethyl-2-pentene, cyclopentene, 1,3- 
pentadiene, 2,3-dimethyl-1,3-butadiene, ethylbenzene, styrene, a-terpinene, 
limonene, a-phellandrene, hydrindene, indene; Douglas (640), (CH3)2SO; 
Dufraisse & Enderlin (641), rubrene, metarubrene, oxyrubrene, isooxyru- 
brene; Dunken & Wolf (642), tartaric acid (p-, pL-, and meso), dimethyl- 
tartrate (D-, DL-,and meso), dimethyl dimethoxysuccinate (D-, DL,- and 
meso); Eisenlohr & Hass (643), cis-cinnamic acid; Enderlin (644), tetra- 
phenylnaphthacene, pseudotetraphenylnaphthacene, isooxytetraphenyl- 
naphthacene, pseudooxytetraphenylnaphthacene, tetraphenylnaphthacene 
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monoxide, tetraphenylnaphthacene dioxide; von Euler & Martius (645), 
enol hydroxymalonic dialdehyde; Fromageot & Emami (646), 2,4-dinitro- 
phenylhydrazine, methylglyoxal-bis-2,4-dinitrophenylhydrazone; Gellner & 
Skinner (647), allyl bromide, allyl iodide, benzyl bromide, benzyl iodide; 
Glemser & Hausser (648), CO(CN)2; Guerin et al. (649), CSe; Hendricks & 
Steinbach (650) , glucose (a-p- and B-pD-), a-methyl-p-glucoside; Hieber et al. 
(651 to 654), C2H4(NH2)2; Holcomb & Dorsey (655), nitromethane, nitro- 
ethane, 1-nitropropane, 2-nitropropane, 1-nitrobutane, 2-nitrobutane, 1,1- 
dinitropropane, 1,3-dinitropropane, 2,2-dinitropropane, trinitromethane; 
Hubbard, Knowlton & Huffman (656), 2,2’-bis (4-hydroxyphenyl) propane; 
Huffman (657, 658), succinic acid, hippuric acid, urea, guanidine carbonate; 
Huffman & Ellis (659), L-cysteine, L-cystine, 6-thiolactic acid, dithiodilactic 
acid; Huffman & Fox (660), fumaric acid, maleic acid, glucose (a-p-, B-D-, 
and a-p-monohydrate); Huffman, Ellis & Fox (661, 662), creatinine, L- 
aspartic acid, L-asparagine, L-asparagine monohydrate, creatine, D-glutamic 
acid, glycine, alanine (D- and DL-), leucine (D-, L-, and DL-), D-arginine, L- 
tyrosine; Jessup (663 to 667), normal paraffins from C, to Ci, carbon 
(graphite and diamond), isoprene, benzoic acid; Jessup & Green (668), 
benzoic acid; Kablukov & Perelman (669), trichloromethane, 1,2-dichloro- 
ethane, chlorobenzene, tribromomethane, 1,2-dibromoethane, bromoben- 
zene; Kangro & Grau (670), hemipinimide, opianoximic acid anhydride; 
Keffler (671 to 675), salicylic acid, succinic acid, methyl oleate, ethyl] oleate, 
n-propyl oleate, -butyl oleate, methyl elaidate, ethyl elaidate, n-propyl 
elaidate, n-butyl elaidate, n-amyl elaidate; Kibler & Hunt (676), methyl- 
nitroacetate, oxallyldihydrazide, malonyldihydrazide, succinyldihydrazide, 
p-phenylenediamine; Kistiakowsky et al. (677), ethylene; Kistiakowsky et 
al. (678, 679, 680), propylene, 1-butene, cis-2-butene, trans-2-butene, iso- 
butene, 2-methyl-1-butene, 3-methyl-2-butene, 2-pentene, 2,3-dimethyl-2- 
butene, 1-heptene, 2,3-dimethyl-1-butene, cyclohexene, allene, 1,3-buta- 
diene, cyclopentadiene, 1,4-pentadiene, benzene, 1,3-cyclohexadiene, 1,5- 
hexadiene; Knowlton & Huffman (681), 5-n-butyldocosane, 11-n-butyldoco- 
sane, 3-cyclohexyleicosane, 3-phenyleicosane, 9-cyclohexyleicosane, 9- 
phenyleicosane, 11-n-decylheneicosane, 11-cyclopentylheneicosane, 11-cyclo- 
hexylheneicosane, 11-phenylheneicosane; Lacher ef al. (682), CF.CICF-.Cl; 


Lacher et al. (683), CF2CFCI, CCl.CF2, CFs;CFCF2, CF2,CFCFCF:; Landa & 
Habada (684), 3,12-diethyltetradecane; Landa & Machacek (685), adaman- 
tine; Lebedev, Khokhlovkin & Kalacheva (686), isoprene; Lebedev et al. 
(687), 1,3-butadiene; Leman & Lepoutre (688), a-naphthol, 6-naphthol, 
a-naphthol acetate, 8-naphthol acetate, B-naphthol benzoate; LeRoy & 
Hendricks (689), p-gluconic acid; Lister (690), 1,2-dibromobutane, 1,2- 
dibromoheptane, 1,2-dibromocyclopentane, 1,2-dibromocyclohexane, 1,2- 
dibromocycloheptane, 1,2-dibromocyclooctane; Luschinsky (691), styrene, 
polystyrene; Magee & Daniels (692), phenylbromomethane, diphenylbromo- 
methane, triphenylbromomethane, CsHs;sCHBrCHBrCOOH; Manzoni- 
Ansidei & Storto (693), 2-methoxybenzaldehyde, 3-methoxybenzaldehyde, 
4-methoxybenzaldehyde, 3-hydroxy-4-methoxybenzaldehyde; Matui & Abe 
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(694), benzoic acid, naphthalene; Merten & Schliiter (695), CSe2, (C2Hs)2Se, 
dibenzyl selenide; Miller & Hunt (696), 2,2,3,3-tetranitrobutane, 2-methyl- 
2,3,3-trinitrobutane, dinitroneopentane, 2-methyl-2,3,3-trinitropentane, 2,3- 
dimethyl-2,3-dinitrobutane; Miles & Hunt (697), acetone; Milone (698), 
4-phenyl-5-methyl-1,2,3,6-dioxdiazine, methylphenylfuroxan, methyl-p- 
methoxyphenylfurazan, methyl-p-methoxyphenylfuroxan, 4(p-methoxy- 
phenyl)-5-methyl-1,2,3,6-dioxdiazine; Milone & Allavena (699), phenyl- 
furazan, 3-phenyl-5-hydroxyazoxime, 3-hydroxy-5-phenylazoxime, pheny]l- 
aminofurazan, 3-benzoyl-5-hydroxyazoxime, 3-hydroxy-5-benzoylazoxime, 
benzoylaminofurazan, methylphenyloxybiazole, 3-phenyl-5-methylazoxime, 
3-methyl-5-phenylazoxime, p-tolylfurazan, methylbenzoylfurazan, p-tolyl- 
aminofurazan, diphenylfurazan, diphenyloxybiazole, diphenylazoxime, di- 
benzoylfurazan, di-p-tolylfurazan; Milone & Venturello (700), glyoxime, 
methylglyoxime, dimethylglyoxime, phenylglyoxime (a@ and 8), p-tolylglyox- 
ime (a and 8), diphenylglyoxime (a, 8, and vy); Moore & Parks (701), cyclo- 
hexane and methylcyclopentane; Moore, Renquist, and Parks (702), 
2-methylnonane, 5-methylnonane, methylcyclopentane, ethylcyclopentane, 
cyclohexane, methylcyclohexane, m-heptylcyclohexane, m-dodecylcyclo- 
hexane, methylethyl ketone, thiophene; Moureu & Dodé (703), ethylene 
oxide, propylene oxide, butene oxide-1,2, ethylene glycol, propylene glycol- 
1,2, butanediol-1, 2, butanediol-1, 3, butanediol-2, 3, isobutanediol, diethyl- 
ene glycol, triethylene glycol, tetraethylene glycol; Neuberg & Hofmann 
(704, 705), methylglyoxal, methylglyoxal monoxime, benzoylformic acid, 
phenylglyoxal monoxime, phenylglyoxal monohydrate; Neuberg, Hofmann 
& Kobel (706), pL-glycerylaldehyde; Oka (707), L-aspartic acid, L-glutamic 
acid, L-tyrosine; Parks & Huffman (708), dibenzoylethane, dibenzoyl- 
ethylene; Parks & Moore (709), isopropanol; Parks et al. (710), n-octadecane, 
11-phenylheneicosane, 11-cyclohexylheneicosane, 13-phenylpentacosane, 13- 
cyclohexylpentacosane, 11-n-decylheneicosane, dicetyl, pentamethylben- 
zene, hexamethylbenzene, diphenylmethane, triphenylmethane, dibenzyl, 
anthracene, ethylene glycol, glycerol, erythritol, dulcitol, mannitol; Passler 
& Kénig (711), phenol, p-toluene sulfonic acid, B-naphthalene sulfonic acid, 
2,4-dinitro-1-naphthol-7-sulfonic acid; Pastoneri & Candelari (712), urea; 
Pedersen (713), HCl-CH;COCH2COOC:H;; Perrottet, Taub & Briner (714), 
guaiazulene, cadalene; Pitzer (715), H2CO3, HCO;-; Popoff & Schirokich 
(716), CH,;OHCH.CI, 1,2-dibromoethane, 1,2-dibromobenzene, 1,3-dibromo- 
benzene, 1,4-dibromobenzene, 1,2-dimethy!-3,4,5,6-tetrabromobenzene, 1,3- 
dimethyl-2,4,5,6-tetrabromobenzene, 1,4-dimethyl-2,3,5,6-tetrabromoben- 
zene; Prideaux & Coleman (717), piperidene propionate, butyrate, iso- 
valerate, hexoate, heptoate, and octoate; Radulescu & Jula (718), hydro- 
chloride, bisulfate, formate, acetate, and propionate of pyridine, piperidine, 
aniline, dimethylaniline, o-toluidine, and quinoline; Rice & Greenberg (719), 
ketene; Richardson & Parks (720), n-hexadecane, 2-methylnaphthalene, 
anthracene, phenanthrene, stilbene, pyrene, triphenylbenzene, cetyl alcohol, 
phthalic anhydride, phthalic acid; Rinkenback (721), 1,3-dinitrobenzene, 
2,4-dinitroaniline, 2,4-dinitrophenol, 2,3,4,6-tetranitroaniline, p-nitrobenz- 
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aldehyde, 2,4,6-trinitrophenylmethylnitramine, 2,4,6-trinitroanisole, 2,4,6- 
trinitrobenzaldehyde, 2,4,6-trinitrotoluene, 2,4,6-trinitro-m-xylene, 2-amino- 
4,6-dinitrophenol, p-nitrophenol, m-nitroaniline, 2,4,6-trinitrophenol, 2,4,6- 
trinitroaniline, 2,4,6-trinitroresorcinol, nitronaphthalene, 1,8-dinitronaph- 
thalene, 1,5-dinitronaphthalene, 1,3,8-trinitronaphthalene, hexanitronaph- 
thalene, 2,4,6-trinitrochlorobenzene; Rossini (722 to 732), ethane, propane, 
n-butane, m-pentane, normal paraffins above pentane, isobutane, ethylene, 
CO, COs, CH;0H, C:H;OH, normal primary alcohols (1-ol), neopentane; 
Rossini & Jessup (733), CO2; Rossini & Knowlton (734 to 738), ethylene, 
propylene, 1-alkenes, cyclopropane, isopentane, neopentane; Prosen & 
Rossini (739 to 745), the five isomers of hexane, the nine isomers of heptane, 
the eighteen isomers of octane, benzoic acid, COs, gaseous and liquid normal 
paraffins above pentane; Prosen, Johnson & Rossini (746, 747, 748), alkyl- 
benzenes through Cy, normal alkyl cyclopentanes and cyclohexanes, in- 
crement per CH2 group in normal alkyl groups, cyclooctatetraene; Prosen, 
Gilmont & Rossini (749), benzene, toluene, the four CgsHi alkyl benzenes, 
n-propylbenzene, styrene; Prosen, Maron & Rossini (750), the two buta- 
dienes; Johnson, Prosen & Rossini (751 to 756), eight isomeric CgHi2 alkyl 
benzenes, normal alkyl cyclopentanes, normal alkyl cyclohexanes, m-nonane, 
3,3-diethylpentane, the four tetramethylpentanes, the six C;Hi alkyl cyclo- 
pentanes; Roth & Becker (757), succinic acid; Roth & Isecke (758), tetra- 
nitromethane; Roth & Meyer (759), dioxane; Roth & Pahlke (760), isopen- 
tane; Roth & Rist-Schumacher (761), dodecylsulfonic acid, dodecylsulfonyl 
chloride, lauric acid; Rothemond & Beyer (762), 2,4-dimethyl-3-ethyl-5- 
formylpyrrol, 2,3-dimethyl-4-carbethoxy pyrrole, 2,3-dimethyl-5-carbethoxy- 
pyrrole, 2,4-dimethyl-3-carbethoxypyrrole, 2,4-dimethyl-5-carbethoxy- 
pyrrole, 2,5-dimethyl-3-carbethoxypyrrole, 2,4-dimethyl-3-acetal-5-carbe- 
thoxypyrrole, 2,4-dimethyl-3-ethyl-5-carbethoxypyrrole, 2,4-dimethyl-3- 
carbethoxy-5-propionylpyrrole, 2,4-dimethyl-3,5-dicarbethoxypyrrole, 2,4- 
dimethyl-5-carbethoxypyrrole-3-propionic acid; Roughton (763), HsCOs; 
Ruehrwein & Huffman (764, 765) cyclohexane, urea; Ruff & Bretschneider 
(766), CFs, CoFs, C3Fs; Ruzicka & Schlipfer (767), cyclooctane, cyclo- 
octanone, cyclopentadecane, cyclopentadecanone, cycloheptadecane, cyclo- 
heptadecanone, cycloheptadecenone, cyclotriacontane, cyclotriacontane- 
dione; Salley & Gray (768), cyanamide, dicyandiamide, melamine, di- 
methylol urea, 3-cyanopyridine, diisopropyl carbodimide, diisopropyl] 
cyanamide, phthalonitrile; Schjanberg (769 to 772), acetic, propionic, 
butyric and valeric acids, chloro-, dichloro-, and trichloro-acetic acids, 
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, and isoamyl acetates, 
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, and isoamyl! propionates, 
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, sec-butyl, isoamyl buty- 
rates, chloropropionic acids (@ and #), chlorobutyric acids (a, 8B, and y), 
chloro- and trichloro-acetamides, methyl, ethyl, propyl, isopropyl, butyl, 
isobutyl, isoamy! and allyl chloroacetates, methyl, ethyl, propyl, isopropyl, 
butyl, isobutyl, isoamyl, and allyl dichloroacetates, methyl, ethyl, propyl, 
isopropyl, butyl, isobutyl, isoamyl, and allyl trichloroacetates, methyl, 
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ethyl, propyl, isopropyl, butyl, isobutyl and isoamyl, chloropropionates 
(a and 8), methyl, ethyl, propyl, isopropyl, butyl, isobutyl, and isoamyl 
chlorobutyrates (a, 8, and y), methyl, ethyl, propyl, isopropyl, butyl, iso- 
butyl, sec-butyl, and isoamyl crotonates, propylidene acetic acid, allyl acetic 
acid, B-ethylidene propionic acid, ethylpropylidene, ethylallyl, propylallyl, 
isopropylallyl, propylpropylidene, isopropylpropylidene, butyllallyl, iso- 
butylallyl, sec-butylallyl, butylpropylidene, isobutylpropylidene, and _sec- 
butylpropylidene acetates, ethyl, propyl, isopropyl, butyl, sec-butyl, and 
isobutyl valerates, ethyl-8-ethylidene, propyl-8-ethylidene, isopropyl-8- 
ethylidene, butyl-8-ethylidene, isobutyl-8-ethylidene, and _ sec-butyl-8- 
ethylidene propionates, ethyl-8-vinyl acrylate, ethyl pentinoate (a8, By and 
75); Shchukarev & Shchukareva (773), anthracene, phenanthrene, salicylic 
acid, camphor, salicylosalicylic acid; Sjéstrém (774), hydroquinone, chloro- 
quinone, 2,3-, 2,5-, and 2,6-dichloroquinones, trichloroquinone, tetrachloro- 
quinone; Skita & Faust (775, 776), the six isomers of methyl cyclohexanol, 
three isomers of dimethylcyclohexanol; Skita and Réssler (777), hexahydro- 
isophthalate (dimethyl cis and trans, ethyl cis and trans); Smith & Bjellerup 
(778), bromobenzene, 1,2-dibromoethane; Smith & Sunner (779), bromo- 
ethylene, ethylene chlorohydrin, 1-bromonaphthalene, 1,3-dichlorobenzene, 
1,4-dichlorobenzene, 1,2,4-trichlorobenzene; Spitzer & Huffman (780), 
cyclopentane, cyclohexane, cycloheptane, cyclooctane; Stathis & Egerton 
(781), ethyl peroxide, ethyl and propyl hydroperoxides; Stern & Klebs (782, 
783, 784), indole, 2,4-dimethyl-3-carbomethoxypyrrole, 2,4-dimethyl-5- 
carbomethoxypyrrole, dipyrrylmethane, dipyrrylketone, 2,4-dimethyl-3- 
carbomethoxy-5-pyrrole carboxylic acid, 2,4-dimethyl-3-carboethoxyhy- 
droxypyrrole, a-phenylpyrrole, 1-phenylpyrrole, 2,4-dimethyl-3-carbo- 
ethoxy-5-formylpyrrole, 2,4-dimethyl-5-carboethoxy-3-formylpyrrole, 2,4- 
dimethyl-3,5-dicarbomethoxypyrrole, 2,4,5-trimethyl-3-carboethoxy pyrrole, 
2,4-dimethyl-5-carbomethoxypyrrole-3-acrylic acid, 2,4-dimethyl-3-vinyl-5- 
carboethoxypyrrole, 2,4-dimethyl-5-carbomethoxypyrrole methyl propio- 
nate, 4-methyl-3,5-dicarboethoxy-2-hydroxy methy] pyrrole, 2,4-dimethyl-3- 
propyl-5-carboethoxypyrrole, 2,4-dimethyl-5-propionyl-3-carboethoxypyr- 
role, 2,4-dimethyl-3-propionyl-5-carboethoxypyrrole, 4-methyl-3,5-dicarbo- 
ethoxy-2 (a-hydroxymethyl) pyrrole, 2,4-dimethyl-3,5-dipropionylpyrrole, 
2,2’,4,4’-tetramethyl-3,3’-diethyldipyrrylketone, 2,2',4,4’-tetramethyl-3,3’- 
dicarboethoxydipyrrylmethane, 2,2’,4,4’-tetramethyl-3,3’-dicarboethoxydi- 
pyrrylmethylmethane, dicryptopyrrylmethane, pyrrolaldehyde, pyrrolal- 
doxime, dimethylmaleic anhydride, methylethylmaleinimide, isatin, 2- 
methyl-3-carboethoxypyrrole, 3-hydroxy-4-carboethoxy-2-methylpyrrole, 5- 
carboethoxy-3-cyanomethyl-2,4-dimethylpyrrole, 1-amino-2,5-dimethyl-3,4- 
dicarboethoxypyriole, 3,5-dicarboethoxy -2-(a-hydroxypropy]l) -4- methyl 
pyrrole, 3-hydroxy-4,4’-dicarboethoxy-5,5’-dimethyl-2,3’-bipyrrole, 3,3’,5,5’- 
tetramethyl-4,4’-diethylpyrrole, 2-anilinomethyl-3-methyl-4-ethyl-5-carbo- 
ethoxypyrrole, diethyl-5-carboethoxy-2,4-dimethylpyrrole-3-methylmalo- 
nate, 4,4’-dicarboethoxy-2,2’,5,5’-tetramethyl-3,3’-pyrromethane, 5,5’-dicar- 
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boethoxy-2,2’,4,4’-tetramethyl-3,3’-pyrromethane, 24 derivatives of por- 
phyrin, chlorin, erythrin, pheophorbid, and pheopurpurin; Stiehler & 
Huffman (785), alloxan, allantoin, adenine, hypoxanthine, xanthine, uric 
acid, guanine; Sturtevant (786 to 789), glycine, acetylsalicylic acid, DL- 
alanine, D-glucose (a and 8); Sunner (790, 791), urea, cystine, cysteine, 
sulfonal, dithioazelaic acid, dithioadipic acid, thiourea, ethylene sulfide, 
propylene sulfide, isobutene sulfide, cis-2-butene sulfide, trans-2-butene 
sulfide, trimethylethylene sulfide, trimethylene sulfide, tetramethylene 
sulfide, pentamethylene sulfide, hexamethylene sulfide, tetramethylethylene 
sulfide; Swietoslawski & Bobinska (792), camphor, azobenzene, hydrazo- 
benzene; Tanaka (793), 3,4-menthene oxide; Taylor & Hall (794), nitro- 
glycerin; Thomas & Dufford (795), oxidation products of methyl magnesium 
bromide and iodide, ethyl magnesium chloride, bromide, and iodide, propyl 
magnesium chloride, isopropyl magnesium chloride, phenyl magnesium 
bromide and iodide; Thomas et al. (796), polyisobutylene; Tonegutti (797), 
trinitrotoluene, trimethylenetrinitroamine, tetranitropentaerythrite; Tong 
& Kenyon (798, 799, 800), methyl, butyl, phenyl, benzyl, and cyclohexyl 
methacrylates, vinyl acetate, maleic anhydride, isopropenyl acetate, diethy] 
maleate, diethyl fumarate; Ubbelohde & Mackle (801), CHsMglI; Verkade & 
Coops (802), salicyclic acid, ethyl, propyl, butyl, amyl, hexyl, heptyl, octyl, 
nonyl, decyl, undecyl, dodecyl, tridecyl, and tetradecyl malonic acids; 
Verkade et al. (803), 1-phenylcyclohexane-1,2-diol (cis and trans), cyclo- 
pentane-1,2-diol (cis and trans), cyclohexane-1,2-diol (cis and trans), 1- 
methylcyclopentane-1,2-diol (cis and trans), 1-methylcyclohexane-1,2-diol 
(cis and trans), hydrindene-1,2-diol (cis and trans), 1,2,3,4-tetrahydro- 
naphthalene-2,3-diol (cis and trans) ,1,2,3,4-tetrahydronaphthalene-1,2-diol 
(cis and trans), 1-phenylcyclopentane-1,cis-2-diol; Verkade & Hartmann 
(804), succinic anhydride, monomethyl, asymmetric dimethyl, cis-sym- 
metric-dimethyl, trans-symmetric-dimethyl, monoethyl, trimethyl, cis- 
symmetric-diethyl, trans-symmetric-diethyl, asymmetric diethyl, tetra- 
methyl, monophenyl, triethyl, tetraethyl, trans-symmetric-diphenyl, and 
cis-symmetric-diphenyl succinic acids; Waddington et al. (805), thiophene; 
von Wartenberg (806, 807), COF2, CF4; Wasserman (808, 809), cyclohexane 
dicarboxylic acid-1,2 (cis and trans), mono- and disodium cyclohexane 
dicarboxylate-1,2 (cis and trans), cyclopentadiene, cyclopentadienebenzo- 
quinone; Williams (810), 1-heptene, diethylmaleate, diethylfumarate, 1,2- 
dihydronaphthalene, 1,4-dihydronaphthalene, methyl cinnamate (cis and 
trans), stilbene, isostilbene, 1,4-diphenylbutadiene; Wojciechowski (811), 
aniline hydrochloride, p-chloroaniline, p-chloroaniline hydrochloride, p- 
chloroaniline diazonium chloride, p-chloroaniline isodiazohydroxide, p- 
chloroaniline potassium iso-diazotate; Yamada (812), borneol, isoborneol. 


COMPILATIONS OF DATA 


The compilations of chemical thermodynamic data which have been pub- 
lished since the appearance of the International Critical Tables include those 
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by Rossini et al. (813), Kelley (814), Latimer (815), Justi (816), Weibke & 
Kubaschewski (817), van Arkel (818), Landolt-Bérnstein-Roth-Scheel 
(819), Bichowsky & Rossini (820), Parks & Huffman (821), and Johnston, 
Savedoff & Belzer (822). Compilations of thermodynamic data that are in 
the process of publication include the tables of Selected Values of Properties 
of Hydrocarbons (823), the tables of Selected Values of Chemical Thermody- 


namic Properties (824), and the NBS-NACA Tables of Thermal Properties of 
Gases (825). 
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HETEROGENEOUS EQUILIBRIA AND 
PHASE DIAGRAMS? 


By LEo BREWER 


Department of Chemistry and Chemical Engineering, 
University of California, Berreley, California 


Since this is the first of a series of Annual Reviews, considerable space 
will be devoted in this paper to a review of the methods used for study of 
heterogeneous equilibria as well as to a review of recent important work 
which will illustrate the methods discussed. Although in principle the types 
of phases involved in heterogeneous phase equilibria should make no differ- 
ence, different techniques are used depending upon whether the phases are 
solid, liquid, or gaseous. Therefore, it is convenient to divide the review into 
three sections. The first section will discuss equilibria involving solid phases 
only. The second section will discuss equilibria involving solid and liquid 
phases or liquid phases alone. The third section will discuss equilibria in- 
volving gaseous phases. 


SOLID PHASE EQUILIBRIA 


Room temperature x-ray analysis —The increasingly widespread availabil- 
ity of x-ray diffraction equipment in recent years has greatly simplified the 
preliminary study of phase diagrams when solid phases are involved. The us- 
ual procedure for study of a new system is to prepare various compositions in 
the ranges of interest, to anneal them at a temperature that will insure 
equilibrium, and then to take x-ray powder patterns at room temperature 
of the resulting samples. From the powder patterns obtained, one can 
usually determine the number of phase regions to be expected in the phase 
diagram, and one can often gain information as to the extent of solid solutions 
or the homogeneity ranges. Such information can be obtained even if the 
powder patterns are so complicated that they can not be recognized to corre- 
spond to any known structures. Of course, if single crystals are found, the 
structures may be worked out even if complicated powder patterns are 
obtained. The use of this method of fixing the phase regions of new diagrams 
will be illustrated by discussion of several recent studies. 

Kiessling (1) has recently investigated the previously unknown tungsten- 
boron system. He mixed the two elemental powders in varying proportions 
from almost pure metal to mixtures containing over 70 per cent boron. The 
samples were heated for 48 hr. at 1,200°C. After cooling to room temperature, 
x-ray powder patterns were taken. Between compositions ranging from pure 
metal to W2B, lines corresponding to tungsten metal were found as well as 
lines corresponding to a phase of composition around W2B, since composi- 


1 This review covers approximately the period from January, 1948 to January, 
1950. 
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tions close to W2B gave only these lines with no indication of other phases. 
Compositions between W2B and WB were found to consist of two phases 
whose compositions were fixed roughly as W2B and WB. Likewise, from 
samples of higher boron compositions, a third intermediate phase of com- 
position around WB, to W2B; was found. The lattice constants for tungsten 
metal when mixed with the W2B phase were the same as those of pure tung- 
sten metal. Likewise the lattice constants for W2B were the same whether the 
W:2B was mixed with W or WB. This was taken to indicate very low solu- 
bility of boron in tungsten metal and a very narrow homogeneity range for 
WB. However, the WB phase was found to have different lattice constants 
depending upon whether W.2B or W2B; was present as the second phase. A 
single phase with varying constants was found between 48.0 atomic per cent 
boron and 50.5 atomic per cent boron, and these compositions were taken as 
the limits of the extended homogeneity range. Thus, the formula of this com- 
pound or intermediate phase might be stated as WBo.9-1.2. In a similar 
manner, a homogeneity range from 66.7 to 68.0 atomic per cent was found 
for the so-called W2B; phase. This corresponds to WBe.o0-2.12. Thus, the com- 
position does not approach the ideal composition to be expected if all the 
sites of the lattice were filled. The ideal lattice was deduced from the posi- 
tions of the tungsten atoms and the spaces available to the boron atoms. 
Such a situation poses the problem of whether the compound should be 
called WB; for the composition of the ideal lattice, W Bz for the closest simple 
integral atomic ratios, or W Be. oo_2.12 to indicate the actual composition range. 
This common problem will be discussed in more detail below. 

Although no single crystals were found in any of the samples prepared, 
it was possible to determine the structures of all of the phases from the 
powder patterns. W2B was found to be isomorphous with Fe2B, CoB, NiB, 
and MozB and to have the CuAl,-type structure which has the C16 designa- 
tion of Strukturbericht (2). WB was found to be isomorphous with FeB, 
CoB, MoB and other compounds with the B27 type structure. The 
WB2.00-2.12 phase was unique but was closely related to the corresponding 
MoBz.33 phase. 

Thus, we see that a relatively simple and quick investigation has given us 
the main features of the tungsten-boron phase diagram at temperatures 
where only solid phases are found. Any further work is greatly simplified by 
this knowledge. Other methods, which will be discussed below, may also be 
used to obtain similar information, but the use of x-ray analysis is one of the 
most simple and most direct methods. However, the procedure outlined above 
has definite limitations which will now be examined. 

Limitations of room temperature x-ray analysis.—lf the phase diagram 
under study is a simple one with no phases of limited temperature stability 
due to decomposition to other solid phases or due to crystalline transforma- 
tion of one phase to another, and if there are no peritectic equilibria, then the 
room temperature x-ray analysis described above should give quite straight- 
forward results in most cases. For such simple diagrams, difficulties arise 
mainly due to use of insufficient time or of temperatures which are too low 
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for the annealing process. The lack of equilibrium arising from improper 
annealing may be detected by varying the annealing conditions. Impurities 
may also cause difficulties, since extraneous phases may be introduced if 
impurity is high in concentration, and even small amounts of impurities 
may produce changes in the crystal structure of one of the phases. Thus, 
Brewer et al. (3) report that the presence of a very small amount of oxygen 
in a cerium-sulfur system causes a change in crystal structure of Ce2S; 
from the cubic form to one with a very complicated x-ray powder pattern. 

In addition to x-ray analysis at room temperature, other methods may 
be used to determine the number of phase regions by examination of annealed 
samples at room temperature. Study of many properties as a function of 
composition can allow us to fix the phases of a system. Electrical resistance, 
magnetic susceptibility, dielectric constant, and density are often used. In 
addition, microscopic analysis is a very useful method of fixing the phases. 
If only a room temperature analysis of a relatively simple system is to be 
undertaken, these other methods usually are not as satisfactory as the x-ray 
method. However, when more extensive information about the diagram over 
a range of temperatures is desired, these methods are often very useful and 
will be discussed below when the problem of determining a complete phase 
diagram is considered. 

In addition to fixing the phase regions of a phase diagram, a room tem- 
perature examination of annealed samples can give us information about the 
homogeneity ranges of the phases, but such information is very limited. 
Kiessling (1) has indicated the homogeneity ranges of the phases of the 
tungsten-boron system, but one does not know the temperature to which 
the homogeneity ranges correspond. As the samples were cooled from 
1,200°C., some precipitation may have taken place so that the homogeneity 
ranges correspond to some unknown temperature below 1,200°C. The homo- 
geneity ranges at room temperature might be much different if equilibrium 
could be attained at room temperature. Also, we have no indication of what 
might happen at higher temperatures. We do not even know the temperature 
coefficients of solubility of the various phases in one another. It is sometimes 
possible by rapid quenching from different annealing temperatures to obtain 
the solid solubility as a function of temperature, but this method is not always 
reliable due to uncertainty about changes during quenching. A word of cau- 
tion might also be noted about the assumption of narrow homogeneity range 
because of the constancy of lattice constants which was assumed by Kiess- 
ling (1). Although it is usually true that the lattice constants will vary with 
composition in a solid solution range if it is appreciably wide, exceptions 
are known. Brewer and co-workers (3) demonstrated the existence of two 
phases in the cerium-sulfur system which were designated as the CeS and 
Ce2S; phases and which were found by Zachariasen (4) to be cubic. The CeS 
lattice constants were the same whether Ce was present in excess or whether 
the Ce.S; phase was present with the CeS. Likewise, the CeoS; phase had 
virtually the same lattice constants whether CeS was present or whether 
the CeS; was in equilibrium with excess sulfur. Further study of the system 
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revealed that CeS did have a narrow range of homogeneity as deduced from 
the constancy of the lattice constants, but the Ce.S; phase had a homo- 
geneity range from Ce;S, to Ce.S; with virtually no change in lattice con- 
stant. Only with very pure materials and precise measurements was it pos- 
sible to detect that the lattice constants decreased slightly from Ce2S; to 
Ce;Ss. A similar situation may exist in the molybdenum-oxygen system. 
Glemser & Lutz (5) have deduced from electrical resistance measurements 
a homogeneity range from MoQOs.75 to MoOe.¢s in disagreement with the 
x-ray results of Magneli (6). No variation in lattice constants was observed 
for the Mo,Ou phase, which was taken as evidence that no extended homo- 
geneity range existed. It is possible that this is another case of an appreci- 
able homogeneity range with no change in lattice constants. Thus, one must 
check the x-ray analyses by other methods to detect such situations. 

In the discussion, we have reviewed the procedure for room temperature 
x-ray determination of the phases of a simple system and the limitations have 
been noted. The above discussion would apply equally well for the most part 
to other methods of room temperature determination of the phases of a sys- 
tem. One must now consider the applicability of a room temperature study 
to more complicated systems. 

If any of the phases transform rapidly to another crystalline modifica- 
tion upon being heated above room temperature, no indication of this will 
be found from the room temperature powder patterns in general, and thus, 
our knowledge of the phase diagram is incomplete in this respect. If there 
were any sluggish transformations in the tungsten-boron system below 
1,200°C., evidence of this might be found in the observation of both the low 
and high temperature forms together with one of the other phases. The exist- 
ence of three phases in apparent violation of the phase rule can be attributed 
to such slow transformations if impurities are not present which could also 
give another phase and if the samples were annealed for sufficiently long 
times to attain equilibrium at the high temperatures. When such sluggish 
transformations exist, the results obtained at toom temperature will depend 
greatly upon the rate of cooling. Thus Euw(7) found that with different 
rates of cooling of samples in the 2CaO- SiO, primary crystallization region, 
he obtained from 32 to 45 per cent of y-2CaO- SiOz, a trace to 8 per cent of 
2CaO- SiOz: Al,O3, and a trace to 25 per cent of CaO: Al,Os. 

Taking a one component system as a simpler example, one might con- 
sider the SiO, transitions which are reviewed by Mosesman & Pitzer (8). 
There are more than six crystalline modifications of SiOz, and as has been 
long known, some transformations take place rapidly and others quite 
slowly. When such cases are suspected, one can often learn a great deal about 
the possible phases by annealing at different temperatures. Thus Brewer & 
Sawyer (9) have prepared a series of compositions in the tungsten-boron 
system and Templeton & Dauben (10) have carried out the x-ray powder 
pattern analyses to check the results of Kiessling (1). Annealing conditions 
of 2,040°C. for 15 min. were used instead of 1,200°C. for 48 hr. Results simi- 
lar to those of Kiessling were obtained, which would indicate that there 
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are no sluggish transformations in the tungsten-boron system between 
1,200°C. and 2,040°C. On the other hand, SiOz, annealed for a very long time 
at 900°C. and quenched, would show the tridymite structure while SiO» an- 
nealed at 800°C. and quenched, would show a-quartz structure. Thus one can 
establish the existence of a sluggish transformation between 800 and 900°C. 

In addition to complications due to enantiotropic forms or different 
crystalline modifications for the same composition, one may encounter phases 
which have limited temperature ranges of stability. Thus, Kiessling (11) has 
found evidence that Ta2B is stable only for a limited temperature range. 
Likewise, Templeton & Dauben (10) have found similar evidence for Nb3B 
and Nb2B upon x-ray analysis of the samples prepared by Brewer & Sawyer 
(9). In all cases, three phases were often found. It was not possible to obtain 
the M2B phase pure, and the amount found was erratic depending upon the 
heating and cooling cycle. Kiessling (11) interpreted the results by assuming 
that Ta2B is stable only at low temperatures and that upon cooling, Ta and 
TaB react to some extent to form Ta2B. Brewer & Sawyer (9) interpret their 
similar results to indicate that Ta2B is stable only at high temperatures and 
that it decomposes upon cooling to Ta and TaB, but that the rate is slow 
enough so that it does not always completely decompose. This would be anal- 
ogous to the well known case of ferrous oxide as indicated by the diagram 
given by Darken & Gurry (12). Thus ferrous oxide or the wustite phase is un- 
stable below 560°C.; and upon cooling to room temperature, one can obtain 
almost pure wustite or a mixture of only iron and magnetite depending upon 
the rate of cooling. The correct explanation in the cases of Ta2B, Nb2B, and 
Nbs3B will await further experiments. 

Under some situations similar to that assumed by Kiessling (11) for TaB, 
one may sometimes not even be aware of a phase stable at room temperature 
when the annealing temperature used is above the decomposition tempera- 
ture of the phase. If the phase is formed only very slowly by the reaction of 
the phases on either side of it, one may find no indication of it upon examin- 
ing the phases quenched to room temperature. Such phases may be difficult 
to detect by any method. 

In some cases, the transformation from one enantiotropic form to another 
will proceed through an intermediate metastable crystalline modification. 
This is often the case when the structures of the two enantiotropes are greatly 
different and considerable rearrangement is required. In such cases, the 
samples quenched to room temperature will often contain the metastable 
phases. If it is not recognized that these forms are metastable, the equilib- 
rium phase diagram is greatly confused. Aumeras & Minangoy (13), who 
studied the water-monochloroacetic acid phase diagram, found three crystal- 
line modifications of monochloroacetic acid. Only the a form was stable, but 
supercooling of a solution gave the metastable y form, which upon heating 
converted to the 6 form, also metastable. Hofer, Cohn & Peebles (14) also 
found a series of metastable phases in the iron-carbon system. Two FesC 
phases were found, one of which transformed to the other upon heating to 
about 300°C. Upon heating to 550°C., decomposition to FesC and carbon 
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took place. Since FesC is also metastable, further heating to a higher tem- 
perature yields the true equilibrium conditions with only carbon and iron 
phases. Irmann (15) reports a similar situation in the magnesium-carbon 
system where he finds metastable Mg2C; and MgC. phases although the 
equilibrium phase diagram has no intermediate phases. In some cases where 
the rate of decomposition of the metastable phase is slow, one can study 
the equilibrium between the metastable phase and other phases. Thus, one 
would have a different solubility limit of carbon in iron depending upon 
whether the saturating phase is pure carbon or metastable Fe;C, and one 
can draw two phase diagrams under such conditions. This is analogous to 
the study of the equilibrium solubility of nitroglycerine in water, even 
though nitroglycerine is not at equilibrium with respect to other possible 
processes. 

One will often obtain a metastable phase when vapor is condensed, since 
extensive rearrangement may be required to obtain the stable solid from 
the gaseous molecules. Often compositions which are not stable at all can be 
prepared this way. By heating Si and SiO: solids, one can obtain SiO vapor 
which usually condenses to produce Si and SiOz again. But Hass & Scott 
(16) and Konig (17) prepared a homogeneous amorphous SiO phase by 
condensation on to a very cold surface. Brewer, Edwards & McCullough 
(18) could find no intermediate solid phases by x-ray analysis of quenched 
samples of Si and SiOz which had been heated to 1,300°C. and 1,400°C. The 
SiO obtained by condensation was amorphous and did not give an x-ray 
pattern, although an electron diffraction pattern was obtained. In view of 
this fact, the data of Brewer, Edwards & McCullough might not conclusively 
exclude the possibility of a stable SiO phase if it tends to be noncrystalline, 
since an amorphous phase would have no x-ray powder pattern. The possi- 
bility of overlooking a phase always exists when only x-ray powder patterns 
are used to detect phases. One can often exclude the neglect of an amorphous 
phase if the intensities of the powder pattern lines correspond to the per- 
centage of the phases present for all compositions. Gorbunov & Tsyurupa 
(19) have studied the masking of powder patterns of crystalline substances 
by amorphous materials and have shown that careful study will usually indi- 
cate the presence of amorphous phases. In the above case, the Si and SiO, 
intensities were as strong after heating as before, which would indicate that 
no appreciable amount of amorphous SiO was formed in the solid state and 
that SiO solid is not stable. The SiO produced by condensation from the 
vapor is undoubtedly metastable. 

The work of Kiessling (1) on the tungsten-boron system which was dis- 
cussed above involves an amorphous phase since the boron phase usually 
does not give a good x-ray pattern. Thus from his results, he could not deter- 
mine whether any tungsten dissolved in the boron. Other cases of amorphous 
phases, usually metastable, have been reported recently. Watt & Davies 
(20) report the formation of an amorphous Mo20; which decomposes upon 
heating to Mo and MoOQ.. At least three different groups of workers have 
attempted to find oxides below MoO: by x-ray examination of molybdenum 
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oxide mixtures. Brewer (21) has reviewed these observations and has con- 
cluded that Mo2O; is thermodynamically unstable although it would not be 
detected by the x-ray studies if there were a stable amorphous phase. The 
conclusion of metastability seems to be reasonable since Watt & Davies 
found that Mo,O; did decompose readily. A similar situation is the observa- 
tion of a CrO phase by Lux & Proeschel (22). In this case, an x-ray pattern 
similar to that of BeO and ZnO was observed. However, the work of Kelley 
et al. (23) and the work of Pascal (24) definitely exclude the possibility of a 
stable phase. Glemser & Poscher (25) have recently shown by x-ray analysis 
that so-called TeO samples consisted of Te and TeOs>. 

High temperature phase diagram determinations ——From the above dis- 
cussion, it is clear that the x-ray analysis of samples at room temperature is 
a rapid and convenient method of fixing the phase regions of a diagram. 
However, the data obtained are incomplete, and there are often limitations 
to the straightforward evaluation of the data. We must therefore consider 
other methods that will give us more complete information concerning the 
phase diagrams. 

Microscopic examination is often employed in investigation of phase 
diagrams. This method is often limited in that special polishing and etching 
techniques must be used to obtain best results, and it is sometimes difficult 
to identify the phases in complex system unless one supplements this method 
with x-ray analysis. For example, Nowotny, Schubert & Dettinger (26) 
found it quite useful to supplement the x-ray study of the intermetallic 
compounds of lead and tin with the platinum group metals with microscopic 
examinations. Likewise Peyronel & Pacilli (27) supplemented their x-ray 
work on the copper-iron-sulfur system with microscopic examinations. Al- 
though the microscopic examinations are usually done at room temperature, 
it is possible in some cases to obtain data about high temperature phases by 
this method that can not be obtained by other methods. Rundle e¢ al. (28) 
were able to deduce the existence of a UsC; phase stable only above 2,000°C. 
from the Widmanstatten structure of the material when examined under the 
microscope, which revealed the union of UC and UC¢z crystals in such a way 
as to indicate formation from a single phase. Occasionally one can determine 
whether precipitation has taken place during cooling from the microscopic 
appearance of the samples and thus, fix the temperature coefficient of solu- 
bility. 

To obtain complete data for a phase diagram, one must employ methods 
of analysis which can be used at the annealing temperatures. Although high 
temperature x-ray cameras are rather rare, the high temperature x-ray 
technique is a very useful one because it has few of the limitations to be found 
in room temperature x-ray examination. As an example, McMurdie & Golo- 
vato (29) have recently used the high temperature x-ray method to find a 
new form of Mn;0, above 1,170°C. which has the cubic spinel structure. This 
method, which will certainly be used more widely in the future, may also 
be employed to determine solid solution ranges as a function of temperature 
as well as to detect phases which exist at high temperaturés and decompose 
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upon cooling. A very convenient high temperature x-ray camera for work 
with powders up to 1,000°C. is supplied by Unicam Instruments.? Alcock and 
co-workers (30) describe a high temperature x-ray camera which operates 
to 900°C. Lawson & Riley (31) describe a high pressure camera which can 
be used up to 15,000 atm. and will be useful for study of high pressure 
phases. Edwards, Speiser & Johnston (32) have devised a camera which 
may be used above 2,000°C. It has been used only for metallic wires, but 
could possibly be adapted to other materials. Other high temperature x-ray 
cameras have been described by Hume-Rothery & Raynor (33), Ellwood 
(34), Nusbaum (35), Schlossberger (36), and Dorn & Glockler (37). 

When high temperature x-ray cameras are not available, it is common to 
study some physical property as a function of composition and temperature 
in order to fix the phase diagram. Brauer (38) studied the cesium-oxygen 
phase diagram by using electrical resistance measurements to supplement 
x-ray analyses. In the study of the niobium-oxygen system, Brauer (39) 
used magnetic susceptibility measurements to supplement his x-ray measure- 
ments. Birch & MacDonald (40) combined magnetic, dielectric, and conduc- 
tivity measurements with thermal analyses to study the phase diagrams 
for systems consisting of ammonia and alkali and alkaline earth metals. 
Thermal analysis, or the measurement of the rates of cooling of various com- 
positions to detect phase transformation, is the classical and still very useful 
method for studying phase diagrams. Once the main phase regions have been 
fixed by x-ray measurements, the details of the diagram are often fixed by 
use of cooling curves. This method will be discussed further when equilibria 
involving liquid phases are discussed. Beck (41) combined x-ray and thermal 
analysis with thermal expansion measurements to study the temperature 
stability relations of the aluminum orthophosphate polymorphs. Harding & 
Pell-Walpole (42) in their study of the tin-antimony-copper diagram and 
Horn & Bassermann (43) in their study of the nickel-thorium diagram used 
only microscopic examination and thermal analysis to fix the phase diagrams. 
There is yet one other very important means of fixing the phase region bound- 
aries which is to be discussed in more detail in connection with gaseous 
equilibria, but which should be mentioned here. The work of Rabes & 
Schenck (44) may be used as an illustration. They studied the equilibria 
between the phases of the tungsten-oxide system and a mixture of carbon 
monoxide and carbon dioixde gases. Various equilibria of this type have been 
used to study phase equilibria. 

Construction of phase diagrams from equilibria data.—After one has 
gathered data on the various phase equilibria, one must usually check their 
consistency by application of the phase rule or perhaps fill in unknown sec- 
tions in conformity with the phase rule. Dahl (45), Hall & Insley (46), and 
Marsh (47) review some of the principles involved. In the case of ternary 
diagrams, one cannot improve upon the discussion given by Masing (48). 
Barrett (49) gives an excellent review of the application of x-ray results to 


2 Unicam Instruments, Arbury Works, Cambridge, England. 
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construction of phase diagrams. Darken & Gurry (12, 50) give an excellent 
treatment of the data available for the iron-oxygen system, one of the most 
thoroughly studied binary systems of fair complexity. There are not many 
recent comprehensive summaries of phase diagrams. Hall & Insley (46) 
tabulate the phase diagrams available up to 1947 for oxide systems and 
Haughton (51) lists the bibliography for metal systems up to 1944. 

The problem of solid phases with wide homogeneity ranges requires further 
discussion, but it will be more convenient to discuss this problem in con- 
nection with equilibria between solid phases and liquid and gaseous phases. 
Therefore, we will go on to the discussion of liquid phase equilibria and return 
to a discussion of wide solid solution ranges later. 


LiguID PHASE EQUILIBRIA 


Considering first situations where all phases are liquid, we find that most 
of the complications already encountered with solid phases do not arise. 
Except for liquid helium, one does not encounter liquid phases of the same 
composition but of different structure in equilibrium with one another. 
Also, the number of different liquid phases encountered in any one system 
is rarely greater than two. Hildebrand (52) has prepared a seven component 
system with seven stable liquid phases, but such a situation is extremely 
rare even when one has seven components. Since liquid phases will normally 
not remain dispersed as do powdered solid phases, one has a small surface 
contact between the phases, and the rate of transport of material between 
liquid phases is slow unless they are agitated. Therefore, a common method 
of study is the chemical analysis of the quenched phases. One may also allow 
the liquids to settle at the equilibrium temperature and draw off samples 
from each phase to determine their composition. Since liquids do not give 
distinctive x-ray patterns, x-ray analysis is not used for liquid phase systems. 
However, other physical measurements, such as measurement of density, 
electrical conductivity, etc. as a function of composition and temperature, 
will give one the phase boundaries. Visual examination is often used to detect 
formation or disappearance of a phase. 

A few recent studies of immiscible liquid systems will be noted. A study 
of the hydrogen chloride-dioxane-water system at 25°C. by Robinson & 
Selkirk (53) demonstrated the existence of a two liquid phase region. Secoy 
(54) has found that a 1 M solution of UO,SO, forms two liquid phases up- 
on heating above 300°C. The liquid water and liquid UO.SO, apparently mix 
with considerable heat evolution since their solubility in one another con- 
tinues to decrease as the temperature is raised further. Ketelaar & Jibben (55) 
find an inflection point in the variation of the solubility of anthracene which 
would indicate the presence of a two liquid phase region. However, there was 
no visual evidence of two liquid phases. Barth & Rosenqvist (56), discussing 
examples of liquid immiscibility in silicate systems, indicate that lower criti- 
cal solution temperatures may be expected in some cases; completely miscible 
liquids will separate into two liquid phases upon raising the temperature. 
Vogel & Kasten (57) have carried out thermal and microscopic analyses of a 
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portion of the iron-sulfur-titanium system and have found a miscibility gap 
in the liquid region extending from the known miscibility gap between liquid 
Fe and FeS. Sienko (58) has investigated the miscibility gap in the sodium- 
sodium iodide-ammonia system and Cubicciotti & Thurmond (59) have 
demonstrated that the liquid alkaline earth metals and alkaline earth halides 
are partially soluble in one another. Apparently subhalides do not exist in the 
solid state, and many of the effects previously attributed to lower halide 
phases are merely due to the considerable solubilities of the liquid halides 
and metals in each other. Campbell, Wood & Skinner (60) report that iron 
and tin form two liquid phases of composition 17.1 and 40.7 per cent iron with 
virtually no change with temperature. Hildebrand & Scott (61) discuss the 
immiscibility of liquids in relation to the intermolecular forces and tabulate 
internal pressures which can be used in many cases to calculate the order of 
magnitude of the solubility to be expected. In view of the scanty experimental 
data which are available for most systems, calculations of the type discussed 
by Hildebrand & Scott are extremely useful. 

If one has determined the solid phase regions and their boundaries by 
the methods already described, and if one has checked the existence of im- 
miscible liquid phases as discussed above, one must still determine the 
boundaries of the liquid and solid phase regions where they are in equilibrium 
with each other. Actually, it will be found that most of the experiments in 
the literature deal with the equilibria between solid and liquid phases with 
most of the data being for the liquid phase or the liquidus curve. The most 
common procedure, particularly for temperatures near room temperature, 
is to equilibrate the solid phases with the liquid and then to sample the liquid 
and analyze it chemically. This is especially common for phase diagrams 
involving aqueous salt solutions. Among recent papers illustrating such dia- 
grams, one might refer to the work of Dingermans & Dijkgraaf (62) on am- 
monium nitrate-sodium nitrate-lead nitrate-water, Lightfoot & Prutton (63) 
on calcium chloride-magnesium chloride-potassium chloride-water, Zhdanov 
(64) on ammonium chloride-ammonium iodide-water, and Lamberger & 
Paris (65) on calcium nitrate-ammonium nitrate-water. 

Various physical methods can also be used to determine the solubility 
in the liquid and the problem of determining the solubility of the liquid 
constituents in the solid phase is the same as that discussed above for deter- 
mining the phase boundary of a solid phase in equilibrium with another solid 
phase. Most of the high temperature data in the past have been obtained 
by thermal analysis or study of the rate of cooling of liquid samples. Due 
to the heat evolution upon precipitation of a phase, the rate of cooling of the 
samples will decrease upon commencement of precipitation of a solid phase 
from the liquid. Therefore, there will be a change in slope of the cooling curve 
at the temperature at which the solid first separates. A series of such cooling 
curves for compositions across a phase diagram will give the liquidus curve 
or the liquid compositions which are in equilibrium with a solid phase. In 
some cases, the first change of slope is due to formation or disappearance of 
a two phase liquid region, but the heat effects for such changes are usually 
so small that they are difficult to detect. 
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In addition to the first break or change of slope in the cooling curve, 
one looks for other breaks or even complete halts corresponding to a con- 
stant temperature for a period of time. Each break corresponds to the ap- 
pearance or disappearance of a phase. A halt is obtained whenever the 
system becomes invariant, as occurs, for example, in a binary system when 
a phase becomes saturated with respect to two additional phases.When this 
invariant temperature is reached, any further transformation takes place at 
constant temperature until one of the phases has been consumed and the 
system is no longer invariant. Thus, at the eutectic temperature correspond- 
ing to equilibrium between two solid phases and a liquid phase, constant 
temperature will be maintained even though heat is being extracted until all 
of the liquid phase has disappearea. A peritectic corresponds to an invariant 
equilibrium among two solid phases and a liquid phase with the disappear- 
ance of one of the solid phases allowing further drop in temperature. Other 
combinations of liquid, solid, and gaseous phases will also be invariant and 
will result in halts in the cooling curves. The observation of the length of 
time of the halt as a function of temperature is very important since it 
allows the fixing of the eutectic composition at which all of the liquid trans- 
forms completely to solid phases and at which one thus obtains the maximum 
halt. On either side of the eutectic composition, some solid precipitates above 
the eutectic temperature leaving less liquid to transform at the eutectic 
temperature. By plotting length of time of the halt against composition, 
one obtains a triangle against the composition axis. The peak of the triangle 
corresponds to the eutectic composition; the other corners of the triangle 
on the axis corresponding to zero halt give the compositions of the solid 
phases at equilibrium with the eutectic liquid. This is a commonly used 
method to determine the solid solution ranges at the eutectic temperature. 
Papers have already been mentioned which used thermal analysis together 
with other methods of studying the phase equilibria. Reference might also 
be made to a rather complete study of the praseodymium-gallium system 
by Iandelli (66) who used thermal analyses together with x-ray and micro- 
graphic studies. 

Although thermal analysis is very useful for the study of many phase 
diagrams and can be used as the sole method for their determination, its 
value is greatly enhanced by the preliminary determination of the phase 
regions by x-ray studies or equivalent methods. In some systems, its value 
is greatly reduced by sluggish transformations, and sometimes phases will be 
overlooked due to their slow rate of formation. Supercooling of some liquids 
is also a handicap to the use of the method. In cases where the rate of crystal- 
lization is very slow, microscopic examination of quenched samples which 
have been equilibrated at various temperatures will often reveal the per- 
centages of liquid and solid phases at the annealing temperature. This 
method is commonly used in silicate systems where the liquid phase can be 
quenched to a glass. In some cases, especially for low melting substances, one 
can obtain the details of a phase diagram by mere visual examination of the 
melting of the solid. The determination of the phase diagrams of an organic 
acid system has been recently applied in an interesting way to the determi- 
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nation of the structure of these acids by Weitkamp (67) and Cason & Winans 
(68). From the changes in the slopes of the liquidus curves, one can detect 
evidences of crystalline transformations which can be correlated with a cer- 
tain structure. 

In the introduction to this section, it was pointed out that liquid phases 
are much less complicated than solid phases due to the lack of enantiotropes, 
but metastable liquid phases have been observed which sometimes cause 
complications. The PO; system reported by Hill, Faust & Hendricks (69) 
and Smits and co-workers (70) is particularly interesting. They find the stable 
solid form to be possibly of tetragonal structure with hexagonal and ortho- 
rhombic metastable solid phases. The metastable hexagonal form is formed 
by condensation of P,O.o vapor and is essentially a molecular lattice. It has 
triple point at 420°C. where it is in equilibrium with P,Oyo gas at 3,600 mm. 
Hg as well as a metastable liquid. This metastable liquid decomposes readily 
and transformation can be obtained to the metastable orthorhombic solid 
which has a triple point at 562°C. and 437 mm. Hg. In this case, the liquid 
is the stable liquid. The orthorhombic form can be converted to the stable 
solid which is in equilibrium with the stable liquid phase and P,Oio gas at 
580°C. and 555 mm. Hg. It is interesting to note that superheating of the 
solid as well as supercooling of the liquid is observed here which renders 
cooling curves useless. 

Two other examples of metastable liquids will be noted. Findlay & 
Campbell (71) review the data for the interesting example of benzaldoxime. 
Benzaldoxime exists in an a-form melting at 34—5°C. and an unstable B-form 
melting at 130°C. They are cis-trans isomers. They form a simple eutectic 
phase diagram with a eutectic temperature of 25-26°C. and normally act as 
separate components. However, with a catalyst present, the liquid will 
contain both forms at equilibrium, even though only one form exists to an 
appreciable extent in the solid phase because of the small solid solubilities 
in one another. The stable a@ solid will thus melt invariantly to the equilib- 
rium liquid at 27.7°C. although it will melt to a pure trams liquid at 34-35°C. 
It should be noted that in this case, the stable solid does not have the highest 
melting point, as is always the case when only one liquid phase exists. For 
example, the work by Aumeras & Minangoy (13) on the three cyrstalline 
modifications of monochloroacetic acid demonstrated that the stable form 
had the highest melting point since all forms melted to the same liquid. For 
example, when one is working with benzaldoxime, the behavior of the liquid 
will depend upon whether catalysts are present to maintain equilibrium 
amounts of the two molecular forms. Since the equilibrium amounts vary 
with temperature, a liquid equilibrated thermally at one temperature and 
then cooled to a lower temperature will behave differently than a liquid 
equilibrated at another temperature. It is obvious that one would be greatly 
confused by such a system if one were not aware of the complexity. 

Acetaldehyde may form various liquid and solid phases because of 
polymerization. Craven (72) has made a recent study of the system. If an 
acid or some other catalyst is present, the liquid will consist of the equilib- 
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rium amounts of monomer, trimer, tetramer, and other polymers. If no 
catalyst is present, each polymer may be obtained pure. The solid phases do 
not appear to be very soluble in one another. Thus, without catalyst, the 
monomer melts at —118°C., the trimer at 12°C., and the tetramer at 47°C. 
going to their respective liquids. With no catalyst, simple binary eutectic 
diagrams are formed among the various components. With catalyst, the 
tetramer appears to be the stable solid and melts at around 7°C. to the equilib- 
rium liquid. Asa result, a large variety of different liquids, all with the same 
chemical composition, can be encountered when working with acetaldehyde 
or its polymers. 


GASEOUS PHASE EQUILIBRIA 


There is not space to review the various methods of studying gaseous 
equilibria and the voluminous amount of data on the subject; therefore, only 
a few references can be given. Ditchburn & Gilmour (73) review the various 
techniques used for vapor pressure methods. Reamer, Fiskin & Sage (74) 
and Sage & Lacey (75) illustrate the methods used for hydrocarbon phase 
equilibria studies and list references to many similar earlier papers. Brewer 
(76, 77) reviews the vapor pressure data of the elements and their halides. 
Kelley (78) reviews the vapor pressure data of inorganic compounds. Hilde- 
brand & Scott (61) illustrate calculation of solubilities of gases in liquids 
from internal pressures. Brewer & Searcy (79) review methods of translating 
equilibrium data to the form of thermodynamic equations. 

In studying multi-component equilibria between gaseous and condensed 
phases at temperatures above room temperature, a serious source of error 
which is usually not considered carefully enough is the effect of thermal dif- 
fusion. Eastman & Ruben (80), Zil’berman (81), and Chipman & Dastur 
(82) have discussed this error, but examination of many data in the literature 
indicate serious error due to neglect of this factor. 

Giauque & Archibald (83) have pointed out the danger of obtaining 
false equilibria when measuring equilibria involving solid and gaseous phases 
because of the establishment of absorption equilibria. Giauque (84) has also 
pointed out the difficulty in some cases of obtaining a well defined solid 
phase since the solid formed may be too finely divided. 

It has been the experience of the author that a great many determinations 
given in the literature of heats of reactions by study of equilibria as a func- 
tion of temperature are considerably in error although the equilibrium con- 
stants are of the correct order of magnitude, and it is clear that many of the 
errors mentioned above must be entering in the measurements in a tempera- 
ture dependent manner. There is yet one more important source of error, 
the lack of invariance in many systems studied. 

When one of the phases of a heterogenous system is gaseous, then pres- 
sure becomes an important variable, even when one is working at moderate 
or low pressures. In the previous sections, pressure has been rarely mentioned 
as a variable. Unless the pressure is very high, it will not have a large effect 
upon condensed phase equilibria and need not be fixed. At high pressures, 
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all of the previous discussion in terms of temperature variation can be ap- 
plied to pressure variation, and thus one could determine the solid phase re- 
gions by x-ray, electrical resistance, density, etc., studies as a function of 
composition and pressure instead of composition and temperature. However, 
pressure is always an important variable for gaseous phases. Since most 
methods of determining vapor pressures or equilibria with gaseous phases 
require invariant systems, we will have to carefully consider the requirements 
for an invariant system. 

A common method of determining vapor pressures is to slowly pass an 
inert gas like argon over the hot substance. From the amount of the substance 
which saturated the argon and condensed out in the cold portion of the ap- 
paratus and the amount of argon passed over the material, one can calculate 
the equilibrium partial pressure of the substance. 

If one wished to study the vapor pressures of the manganese oxides and 
started out with manganous oxide, one would find this method unsatisfactory 
since the composition of the oxide would change as material vaporized, 
and thus the vapor pressure would change as one made measurements. The 
system would not be invariant since we have two components and only one 
phase. Even with temperature fixed, the system has a degree of freedom. 

To understand more clearly the difficulty which arises here, we must 
consider the significance of the concept of a pure solid compound. If we 
consider the gaseous compound, nitric oxide, it is clear that the laws of defi- 
nite combining proportions and simple integral atomic combining ratios 
apply since the smallest change that can be produced is to add or take away 
one atom. But such a change would produce NO», N2O or N, all distinctly 
different compounds. The same would be true for any gaseous compound. 
However, if we consider a solid like sodium chloride, we do not find any evi- 
dence of gaseous molecules in the crystal lattice. A perfect crystal weighing 
0.96 gm. would have the molecular formula Naio2Clio2. The smallest change 
would be produced by adding or taking away one atom. This would change 
the formula to Naio”Clio%_1 or a negligible change. Thus one can produce 
continuous changes in composition and still retain the same phase. 

All solids and liquids can be classified into two categories. Those with 
molecular lattices like carbon tetrachloride consist of gaseous molecules 
held together by van der Waals forces and similar weak forces. Those with 
ionic or atomic lattices like sodium chloride have no unit in the lattice cor- 
responding to a gaseous molecule. If one tried to remove a sodium chloride 
gaseous molecule, primary bonds would have to be broken, while in carbon 
tetrachloride solid, the bonds holding the molecules together are very weak 
compared to the primary carbon-chlorine bonds. Thus, if we set some 
criterion of the ratio of primary bonding to secondary bonding for inter- 
mediate substances, we can classify all substances as either molecular lat- 
tices or ionic and atomic lattices. The law of definite combining proportions 
will hold quite exactly for a stable substance forming a molecular lattice. 
The law of definite combining proportions will usually not hold for ionic or 
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atomic lattices, since they are such huge molecules compared to single atoms 
that one can produce essentially continuous variations in composition. 

Returning to manganous oxide, we can be quite sure that the manganese 
and oxygen ions will fit together in their cubic sodium chloride lattice with 
a wide range of compositions. This has not been determined as yet for 
manganous oxide, but all of its neighbors like FeO and TiO are known and 
behave in the same way. At the manganese high edge of the lattice, the vapor 
in equilibrium with the solid has the composition MnO, while at the other 
edge, the vapor has the composition MnQOy. One can determine these partial 
pressures if either excess manganese or excess manganic oxide is present, since 
with a two phase system the system becomes invariant and one can deter- 
mine a definite vapor pressure by the method outlined above. If one started 
with manganous oxide alone, either oxygen or manganese would be lost until 
a unique composition would be reached for which the vapor has the same 
composition as the solid. This composition would also be invariant since the 
requirement of the same composition for vapor and solid removes one degree 
of freedom. Those three compositions are the only invariant ones for mangan- 
ous oxide. The two phase mixtures are easy to obtain since all one has to do 
is to add an excess of manganese or manganic oxide to the manganous oxide. 
The constant boiling composition cannot be predicted in advance since it 
will be different for each temperature and even each method of determining 
the vapor pressure. Thus, the Knudsen effusion method would for a given 
temperature require a different manganous oxide composition to produce a 
constant boiling mixture than would the argon flow method described above. 

The difficulty that arises with these substances can perhaps be illustrated 
by ferrous oxide and dipositive titanium oxide phase, for which accurate 
data are available. There are no such things as pure ferrous oxide nor pure 
TiO. If we apply the physical chemical concept of a pure compound, we find 
that for many of these compounds, one can find a composition which will melt 
sharply without changing composition and a composition which will boil 
sharply without change in composition, but these compositions will be differ- 
ent and there will be no one composition which will pass the tests for physical 
chemical purity. 
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SOLUTIONS OF ELECTROLYTES 


By A. R. GORDON 
Department of Chemistry, University of Toronto, Toronto, Ontario, Canada 


To delimit the field covered by any section of a new review is always a 
difficult matter. The selection is inevitably somewhat arbitrary both as to 
the topics and the period covered, and equally inevitably depends to some 
extent on the interests of the reviewer. Moreover, if the review is to be 
anything more than a bibliography, much important work must of necessity 
be ignored. It will be evident below that this section deals primarily with 
the period from 1947 to 1949 and that the fields considered fall within what 
might be called the classical physical chemistry of electrolytic solutions, 
viz. transport phenomena of various kinds and thermodynamics. This has 
resulted in the exclusion of certain subjects, in particular colloidal electro- 
lytes [which have been recently reviewed by Hartley (1)], surface phenomena 
as they affect electrolytes, and reaction kinetics. One can only hope that 
these will receive the attention they deserve in other sections or in subse- 
quent issues. 


IONIC TRANSPORT IN SOLUTION 


Probably the most interesting experimental advance has been the devel- 
opment by MaclInnes (2, 3) of a precision method for determining the trans- 
ference number of an ion from electromotive force (e.m.f.) measurements on 
a cell in a high gravitational field. This procedure was first used by Tolman 
(4) some 40 years ago but had attracted little attention since that time until 
the growing need for transference measurements in nonaqueous solvents 
and the difficulties inherent in the more conventional methods when used 
with such solutions had become apparent. Like Tolman, Ray & MaclInnes 
use the cell 


Pt, Is, KI, ky, Pt, 


the electrodes being placed near the inner and outer ends of a cell mounted in 
the rotor of a centrifuge; the iodine electrode was selected presumably for its 
well known ruggedness and reproducibility. To obtain the transference num- 
ber from the measured e.m.f., one must know the rotor speed, the distances 
of the electrodes from the centre of rotation, the density of the solution, 
the molar volume of the salt, and the atomic volume of the iodine. 

While simple in theory, the experimental difficulties (in particular tem- 
perature control) are serious, when, as in Ray & MacInnes’ measurements, 
speeds up to 7,200 r.p.m. are used. Preliminary results indicate a precision 
of a part in a thousand in the measured ¢, for 0.2 N KI in water and in anhy- 
drous methanol. It should be noted however that the solution contains of 
necessity free iodine as well as potassium iodide, so that an extrapolation 
for a given iodide concentration to zero iodine concentration is necessary; 
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for this reason one may hope that it will be possible to modify the apparatus 
in the future so that silver, silver halide electrodes may be used, thus elimi- 
nating the necessity for extrapolation. Nevertheless, one interesting byprod- 
uct of the extrapolation of the iodine/potassium iodide ratio is that the slope 
of the curve indicates the existence of the iodine as I3~ ions rather than I,- 
or I4-. In spite of its experimental complexity, the method is extremely 
attractive, since it eliminates on the one hand the difficulty of finding 
indicator ions suitable for moving boundary measurements and on the other 
the laborious analyses required if reasonable precision is desired with the 
older Hittorf procedure. 

A technique of a totally different kind and for a different purpose has 
been reported by Brady (5). His apparatus consists of a vertical cell, the 
upper (closed) side being separated from the lower by a porous glass dia- 
phragm. What would correspond in a moving boundary measurement to 
the leading and indicator solutions are placed above and below the dia- 
phragm, and the transport number is determined by measuring the amount 
of indicator ion passing through the diaphragm. Since transport by diffusion 
through the diaphragm is ignored, the method is obviously not capable of 
high precision (the results given indicate about 2 per cent), but it is simple, 
particularly when a radioactive indicator ion is employed. 

As an example of results obtained by the conventional moving boundary 
method, one may note measurements in this laboratory for sodium and po- 
tassium chlorides in anhydrous methanol (6). Apparently, the difficulties 
previously encountered in the use of this technique with this solvent were 
due primarily to the relatively high electrolyte concentrations employed in 
the earlier work. Both anion and cation boundaries were studied, the pre- 
cision and self-consistency of the results being comparable with those ob- 
tained for aqueous solutions. The measurements were extended to concen- 
trations sufficiently low to permit an unambiguous Longsworth (7) extra- 
polation to infinite dilution, thus yielding, in conjunction with new con- 
ductance data (8), the first precise limiting ionic conductances in an anhy- 
drous solvent. It is of interest that the results satisfy the Kohlrausch rule 
within one or two hundredths of a conductance unit. 

One question in the field of electrolytic transport for which definite in- 
formation has been obtained concerns the determination of solvent transport 
by ions through the addition of an electrically inert substance to the solution. 
Washburn (9) carried out measurements of this nature as early as 1909, 
but Longsworth (10), using his ‘‘concentration boundary’’ modification 
(11) of the conventional Tiselius apparatus, has shown that the apparent 
net cathodic transport of water per Faraday is inconsistent with the assump- 
tion that the added nonelectrolyte is inert. Longsworth’s procedure consists 
in forming a solvent boundary between two solutions both containing the 
same concentration of the selected electrolyte (an alkali chloride, ammonium 
chloride, or hydrochloric acid); to one of these, a nonelectrolyte (raffinose, 
urea, or resorcinol) has been added. The motion of the boundary with pas- 
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sage of current and its broadening with time are followed by the usual Schlier- 
en technique. The method possesses several notable advantages over the 
older Hittorf procedure; for example, it is possible to verify that the water 
transport per Faraday, mw, is independent of the direction and magnitude 
of the current and that the broadening of the boundary by diffusion is the 
same whether current is passing or not. One possible complicating factor, 
the effect of the nonelectrolyte on the ionic transference numbers at the 
boundary, may be eliminated by determining mw at a given electrolyte 
concentration for a range of nonelectrolyte concentration and then extrapo- 
lating linearly to zero. Such a procedure is justifiable here owing to the rela- 
tively low nonelectrolyte concentrations employed. In brief, Longsworth 
finds that mw for a given electrolyte and concentration depends on the par- 
ticular nonelectrolyte added, a result which shows that the nonelectrolyte 
must itself interact with and be transported by the ions. 

Similar conclusions follow from the Hittorf measurements of Hale & 
De Vries (12), who studied a series of tetraalkylammonium iodides (methyl 
to n-butyl) with maltose, acetone, and ethyl acetate as added nonelectro- 
lytes. With large organic cations, one would expect cation solvation to be 
much less than with the salts used by Longsworth, yet Hale & De Vries’ 
values of mw are actually greater than Longsworth’s and like his, vary with 
the nonelectrolyte selected. They suggest that the explanation may be 
anionic transport of the nonelectrolyte, since, if the water is assumed sta- 
tionary, this would only require one per cent of the iodide ions to be associ- 
ated with a molecule of maltose. The evidence thus seems to be that added 
nonelectrolytes are no more inert than the solvent molecules themselves. 


ELECTROLYTIC CONDUCTANCE IN SOLUTION 


The development by Hnizda & Kraus (13) of new apparatus and tech- 
niques for studying the conductance of alkali halides in anhydrous ammonia 
constitutes a notable experimental advance. Ammonia is distilled into the 
cell, its specific conductance determined, and a glass bulb containing a 
sample of the salt is crushed. After measuring the conductance of the result- 
ing solution, ammonia is allowed to evaporate, the amount being determined 
gravimetrically in water absorbers. After measuring the conductance of the 
new solution, further ammonia is evaporated, and so on. This process is 
repeated until the solution has been concentrated to about one-fifteenth of 
its original volume, when the residual ammonia is determined. One advan- 
tage of the method is that the solvent conductance is measured under the 
conditions of the subsequent measurements, and a second is that cumulative 
concentration errors are minimized. The deviation of the individual results 
on the conventional Fuoss plots (14) indicates a precision of a few hundredths 
of a per cent or better—a remarkable achievement with a notoriously diffi- 
cult solvent. 

Kraus and his students in the period under review have reported extensive 
measurements in nitrobenzene, ethylene chloride, pyridine, and acetone. It 
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is apparent that one of the difficulties in interpreting the data, in particular 
in correlating conductance in one solvent with that in another, is the lack of 
transference numbers. Thus, ion conductances can only be obtained from 
measured equivalent conductances by some reasonable but essentially arbi- 
trary assumption, e.g., that in nitrobenzene the limiting conductance of 
tetra-n-butylammonium and tripheny! borofluoride ions are equal (15, 16). 
For many purposes, such an ad hoc procedure is adequate, but nevertheless 
one may hope that the development of transference techniques will eventual- 
ly make it unnecessary. 

With the exception of salts with very large ions in nitrobenzene, which 
are strong, the results in general indicate ion pair formation of the Bjerrum- 
Kraus type (17, 18). Certain general relations are apparent between ionic 
structure and solvent properties on the one hand and limiting conductance 
on the other. For example, the nature of the central atom in tetra- substi- 
tuted -onium ions has little effect (19) on the limiting ion conductance, and 
the conductance of such ions depends primarily on the number of carbon 
atoms in the ion rather than on their arrangement. In fact, Pickering & 
Kraus (20) have pointed out that the reciprocal of the limiting conductance 
is a linear function of the number of carbon atoms for the series tetraethy]l- 
to tetraamylammonium in ethylene chloride. On the other hand, an ion 
may be slow due to solvation; lithium and fluoride ions in acetone (21) area 
case in point. Thus, Carignan & Kraus (22) have shown that there is a 
marked increase in the limiting conductance for lithium, sodium, and silver 
ions in pyridine as a result of the addition of ammonia, the smaller ammonia 
molecules presumably replacing the pyridine in the solvation sheaths of the 
ions. It is also apparent, however, that the limiting ionic conductance- 
viscosity product varies considerably, as might be expected, on passing from 
solvent to solvent (tetrabutylammonium ion in ethylene chloride, pyridine, 
and nitrobenzene is an exception) and that even the order of mobilities for 
a series of ions may alter from one solvent to the next (20, 23), i.e., the limiting 
conductance for a given ion in general depends, in a manner specific for the 
ion, on the solvent used. 

The correlation between effective ion size as indicated by limiting con- 
ductance and the dissociation constant for ion pair formation is more difficult, 
and the rule that salts with small distances of closest approach in the pairs, 
and consequently with a small dissociation constant for the pairs, will have 
large conductances is subject to qualification. For example, lithium and 
fluoride ions in acetone are slow, but lithium salts and fluorides (21) also have 
small values of the dissociation constant K, the solvent dipoles which are 
significant in determining the size of the free ions being excluded, partially 
at any rate, from the ion pairs. An even more striking example of solvent-ion 
interaction is afforded by the results of Jacober & Kraus (24) for aluminum 
bromide in pyridine and in nitrobenzene. In pyridine, it is a strong 3:1 
electrolyte, while in nitrobenzene it is very weak in spite of the fact that 
the dielectric constant of the latter is roughly three times that of the former. 
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Secondly, ionic structure may exert a profound influence on the dis- 
sociation constant. Thus, while the arrangement of the carbon atoms in a 
substituted -onium ion may per se have little effect on the limiting ionic 
conductance, it may have a marked influence on K. Thus, Weaver & Kraus 
(25) find that while n-octadecyltrimethylammonium nitrate in ethylene 
chloride has only a slightly greater conductance than the tetra-n-amyl salt 
(26), its dissociation constant is what might be expected if the distance 
of closest approach in the ion pairs was governed by the field around the 
three methyl groups. Again, the dissociation constant for diphenyl iodonium 
picrate in ethylene chloride is roughly 0.01 (19) of that for the tetra-n- 
propylammonium salt (26), in spite of the fact that their limiting conduct- 
ances are almost identical. Unfortunately, it is impossible in the space 
available to deal adequately with such a comprehensive investigation of a 
difficult and complex field. The reader is referred to the original papers and 
in particular to a recent review by Kraus (23). 

Davies & James (27) have studied an interesting valence type in aqueous 
solution, lanthanum ferricyanide, one of the very few cases where conduct- 
ances have been measured for a 3:3 type salt. In dilute solution, it is weak 
with a dissociation constant of the order of 2X10~, but curiously enough 
in the range 0.025 to 0.05 N, A is roughly independent of concentration. 
Davies & James suggest that this is due to an actual increase in the degree 
of dissociation; if so, the question deserves further study. 

James (28) has studied two other unusual valence types at high dilu- 
tions, potassium and calcium ferrocyanides. The former shows considerable 
negative deviations from the Debye-Onsager limiting slope, but extrapola- 
tion either on the assumption of ion association or by the Owen (29) method 
leads to practically the same value of the limiting conductance. The calcium 
salt, in contrast, is weak, and James has estimated its first and second dissoci- 
ation constants. 

At this point, one may with advantage consider certain researches which 
are not, strictly speaking, investigations of conductance, but are closely 
related to the general problem. One fundamental postulate of the Bjerrum- 
Kraus treatment of electrolytes is of course the ion pair; and as Kraus showed, 
the presence of such dipoles may be detected by dielectric constant measure- 
ments in nonpolar solvents; the reader is referred to a review by Kraus 
(30) for a general discussion. In this connection, Sharbaugh et al. (31) have 
studied calorimetrically the dielectric loss for certain salt solutions in ben- 
zene and diphenylmethane. They measure the energy liberated in the calorim- 
eter cell per second due to the passage of a sinusoidal current of radio 
frequency by determining the rate of rise of the solution in a capillary at- 
tached to the cell; this is compared with the result of a second measurement 
at a frequency so low that the dipoles (and other nonconducting polar aggre- 
gates) do not contribute to the energy dissipation in the cell. The results 
(31, 32) as a whole are consistent with the model already built on the basis 
of conductance, dielectric constant, and cryoscopic measurements (30), 
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and one may expect that this technique will prove a valuable additional tool 
in establishing the constituents of such solutions. 

As a corollary of this work, Strobel & Eckstrom (33) have also studied 
the second Wien effect, viz. the increase in dissociation of a weak electrolyte 
at high field strengths and low frequencies. Using a series of substituted 
quaternary ammonium salts in butyl alcohol, they find at 60 c.p.s. the pre- 
dicted linear variation of x and a slope for the plots that is in moderate 
agreement with theory (34). For the observed x-field curves to extrapolate 
to the limiting low field conductance, however, the plots at still lower field 
strengths must be definitely curved with a rather flat initial portion. Strobel 
& Eckstrom ascribe this deviation at low fields to the masking effect of the 
ion atmosphere and believe that this is the explanation, in view of the Lange- 
vin relaxation times for the solutions and the field strengths employed, for 
the absence of any apparent Wien effect in the benzene and diphenylmethane 
measurements mentioned above. 

A direct attack on one of the most fundamental problems in electrolyte 
theory—the determination of ion solvation—has been made by Yeager and 
co-workers (35). For a critical discussion of earlier work in this field, see a re- 
cent article by Bockris (36). In 1933, Debye (37) proposed as a method for 
determining the masses of solvated ions the measurement of the periodic 
differences in potential in a solution through which a train of acoustical 
waves was passing. He pointed out that owing to the different accelerations 
imparted to anions and cations on account of their different masses and fric- 
tional coefficients, there should be periodic excesses of one ionic species or 
the other at a given point in the solution, and he showed that the resulting 
alternating potential was a function of the weights of the ions. 

The authors imply, somewhat sardonically, that the sometime expressed 
optimism as to the possibility of detecting the effect is at definite variance 
with experience in the laboratory. Acoustic waves, generated by an electri- 
cally driven quartz crystal, enter the end of the cell, which is immersed in a 
water bath, the cell being fitted with a movable piston to set up standing 
waves. The potential (determined by an oscillograph) of a movable platinum 
electrode relative to ground was found to vary periodically with the electrode 
position for a given piston setting, the effect being a maximum at the 
velocity loops as predicted. This was confirmed by the liberation of hydrogen 
on the electrode, since the alternating potential of the hydrogen electrode 
(38) is produced primarily by temperature and pressure variations in the 
gas phase and consequently should be a maximum at the pressure loops, 
i.e., the maxima should be shifted one quarter wave length relative to those 
for the Debye effect proper, as was found to be the case. Unfortunately, it 
was not possible to establish the velocity amplitude inside the cell so that a 
quantitative check against theory was impossible. Measurements on a series 
of salts showed, however, once again in accord with theory for the experi- 
mental conditions, that the potential was independent of concentration, so 
that the authors’ somewhat cautious conclusion that the Debye effect has 
been demonstrated would seem justified. 
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DIFFUSION OF ELECTROLYTES IN SOLUTION 


After being more or less moribund for years, interest in electrolytic 
diffusion suddenly revived with the development of two beautiful new 
experimental techniques. It will be remembered that what has made so much 
of the earlier work in this field practically valueless has been the fact that 
while the diffusion coefficient is in general a function of concentration, the 
mathematical treatment of the results has generally assumed that the co- 
efficient is a constant. The problem can be solved in several ways—by the 
use of the Boltzmann equation when it is applicable, by employing steady 
state or pseudo-steady state methods, or by working with such a narrow 
concentration range that no appreciable error is introduced by identifying 
the measured integral diffusion coefficient with the true differential coeffi- 
cient for the mean concentration of the experiment. Both the methods dis- 
cussed below employ this last device. 

The first is due to Harned and his students (39, 40, 41) and takes ad- 
vantage of the fact that one of the most sensitive means for analyzing a 
solution of an electrolyte is by determining its conductance. The difficulty 
in the past has been that it was impossible to interpret a conductance xk, 
measured across a diffusion column, owing to the inevitable distortion of the 
current lines in the nonuniform conductor. The essential feature of the 
Harned method is that the conductance across the column is determined 
between two pairs of symmetrically placed electrodes so that distortion 
effects largely cancel in the conductance difference Ak, i.e., while a measured 
kK is not a measure of a concentration C, Ak is to an excellent approximation 
a measure of the concentration difference, AC, for the geometric centres 
of the upper and lower pairs of electrodes. In fact, as Harned & French 
(39) showed, Ax can in most cases be taken without sensible error as propor- 
tional to AC. 

In its earliest form (39), the Lucite diffusion cell had two equal compart- 
ments, the upper (containing the weaker solution) being slipped over the 
lower; in a later form (40, 41, 42) the diffusion column was formed by allow- 
ing electrolyte to diffuse in through the base which was subsequently closed 
by a shearing mechanism. The electrodes were located with the centres of the 
upper and lower pairs at heights 5a/6 and a/6, where a is the height of the 
diffusion column. Owing to the placing of the electrodes, AC should, except 
in the earliest stages, be a linear function of the time with a slope —2?D/a?, 
thus fixing the diffusion coefficient D since the height of the cell is known. 
Moreover, strict linearity in the plot is itself evidence for the assumption 
that D for the concentration range involved may be identified with the dif- 
ferential coefficient for the mean concentration. The later measurements of 
Harned & Nuttall (40, 41) on potassium chloride solutions indicate in general 
a precision of 0.1 per cent—a striking improvement over earlier methods. 
It is of interest to note that while Harned & Nuttall’s potassium chloride 
results are in complete agreement with the Onsager-Fuoss equation (43), 
Harned & Levy’s calcium chloride data (42) are in definite disagreement 
with it even at the lowest concentration studied—0.001 mole per 1. 
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The second technique was originally proposed by Gouy (44), although 
the first published evidence in favour of his effect appears to be a photograph 
in a paper by Longsworth (45) which appeared in 1945. If a symmetrical dif- 
fusion boundary is placed in the path of a lens, light passing through the 
homogeneous portions of the two solutions will be undeflected ; but where gradi- 
ents of concentration and consequently of refractive index exist, the light will 
be bent downward, the maximum deviation corresponding to the maximum 
gradient at the initial position of the boundary. If the source is a narrow 
slit, a series of interference fringes will result in the focal plane of the lens 
since pencils passing through levels in the column above and below the junc- 
tion with equal gradients will be focussed at the same point but will have 
different path lengths. Although the effect is understandable enough quali- 
tatively, the mathematical treatment is definitely complicated, and it was 
not until 1947 that Kegeles & Gosting (46) published a theory for the Gouy 
fringes, thus permitting an interpretation of Longsworth’s potassium chlo- 
ride data (47). It should be pointed out that, entirely independently, Coulson 
et al. (48) also developed the theory of the diffraction pattern. 

While a detailed discussion of the theory would be out of place here, it 
should be noted that the quantities needed to compute the diffusion coeff- 
cient from a pattern photographed at a known time are the displacement of 
the fringes (intensity minima in Longsworth’s case) relative to the undeviated 
slit image, the distance of the centre of the cell from the photographic plate, 
and the path length parameter jn. Since j, can only exceed the total number 
of fringes in a pattern by a quantity less than unity, a direct determination 
of its fractional part (as in the measurements discussed below) leads to a 
more accurate value for j,, than that computed from the refractive indices 
of solution and solvent, the wave length, and the path length through the 
cell. 

Longsworth (47) found the Lamm type of cell, in which the boundary 
is formed by removing a sliding partition, definitely superior to the Tiselius, 
which necessitates a displacement of the junction after forming. His fringes 
were photographed in a Schlieren camera, and their displacements measured 
with a comparator microscope. 

The cells used by Coulson and his associates (48) were of a different type, 
solution and solvent being run slowly into the cell and an initially sharp 
boundary formed by withdrawing liquid at a carefully adjusted rate through 
a fine capillary collector. They introduced a valuable feature by employing 
the Rayleigh interferometer to determine experimentally the fractional part 
of jm. They placed in front of the cell a mask with a double slit before the 
diffusion measurement proper and compared the deflection of the Rayleigh 
pattern in relation to a fixed reference, first when the cell was filled with 
solvent, and again immediately after the boundary sharpening process, 
when light passing through the upper and lower slits traversed solvent and 
solution. 


Kegeles and co-workers (49) also use the Rayleigh interferometer in the 
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latest form of the apparatus, but employ a Tiselius cell, the boundary being 
sharpened by slow withdrawal of liquid through a fine capillary. Gosting & 
Morris’ results (50) indicate remarkable precision, in general of the order of 
a few hundredths of a per cent in the diffusion coefficient. 

An optical method based on total reflection which is especially suitable 
for dealing with small quantities of solution has been reported by Dean (51). 
A thin rectangular diffusion chamber containing the solution forms one wall 
of a much larger chamber containing solvent; the junction is formed by rais- 
ing the liquid level in the large chamber until it just floods a thin knife 
edge at the top of the diffusion channel; the solute which diffuses out through 
a slit in the knife edge then falls by gravity to the bottom of the chamber. 
The diffusion cell is cemented to one face of an illuminated prism, and light 
passing through the cell gives an image on a photographic plate consisting 
of two fields of differing intensity, the position of the boundary between 
them depending on the ratio of the refractive indices of the prism and of the 
solution in the diffusion column. While the method is not capable of high 
precision, the results obtained with aqueous potassium chloride indicate a 
definite improvement over earlier micromethods. 

Before leaving the optical methods, it should be noted that Adler & 
Blanchard (52) have developed a theory based on wave optics for the Lamm 
scale method; they point out that the conventional ray optics treatment of 
the data can introduce a systematic error of the order of one per cent in the 
calculated diffusion coefficient. 

Another important contribution in this field is due to Stokes (53), who 
has made a critical experimental study of the Northrop & Anson (54) dia- 
phragm cell technique. He uses a cell in which both sides of the diaphragm 
are swept continuously over their whole surfaces by rotary magnetically 
driven stirrers, and for speeds beyond a critical value he finds the flow is 
independent of the rate of stirring. Although such evidence (55) as was avail- 
able in 1945 indicated that either density or mechanical stirring, applied 
uniformly, yielded the same relative results for potassium chloride solutions, 
Stokes finds that this is not true on passing to hydrochloric acid. Thus. 
density stirring with 0.1 N potassium chloride diffusing into water gives a 
cell factor 6.4 per cent less than mechanical stirring; with 0.1 N and 0.01 NV 
hydrochloric acid, the differences are 8.4 and 11.4 per cent respectively; 
the conclusion would seem to be that positive mechanical stirring should be 
the norm for diaphragm cell measurements. His results show, however, that 
except in extreme cases, bulk flow of the denser upper solution through the 
diaphragm is negligible—at any rate for density differences between the 
solutions of less than 0.005 gm. per cc. The evidence for this is that with 
mechanical stirring, the flow through the diaphragm is the same (within 
experimental error) whether the stronger solution is above or below the dia- 
phragm. 

With regard to surface transport along the pore walls, however, the posi- 
tion is much more disturbing. The best of the old potassium chloride dia- 








68 GORDON 


phragm cell results (55), when calibrated on the basis of Harned & Nuttall’s 
dilute measurements (40, 41), tend to lie below their absolute values for 
their more concentrated solutions, while if Harned & Nuttall’s more con- 
centrated results are selected for the calibration, the dilute diaphragm cell 
data are too high and in fact do not extrapolate to the correct D,. Stokes 
believes that the explanation is surface transport along the walls of the pores 
in the diaphragm, which on the basis of Mysels & McBain’s surface conduct- 
ance measurements (56), should become serious only at high dilutions. 
Admittedly, wall transport in an electric field and under a gradient of thermo- 
dynamic potential are not the same; nevertheless, Stokes’ data certainly 
suggest that the diaphragm cell be used with caution for dilute electrolytic 
solutions. 

Adamson, Cobble & Nielsen, entirely independently, have arrived at the 
same conclusion as to the role of surface transport at high dilutions in the 
diaphragm cell. They find in studies of radioactive sodium ion in sodium 
chloride and iodide solutions (57, 58) that the limiting ionic self diffusion 
coefficient is definitely greater than the theoretical coefficient in both cases 
and that there is a marked kink in the plots of D versus ~/C in the neigh- 
borhood of 0.01 N. 

Guthrie, Wilson & Schomaker (59) have studied a problem of an entirely 
different kind—thermal diffusion of a mixture of electrolytes in a Clusius 
column. Gillespie & Breck (60) and Hirota (61) had found that contrary 
to experience with a single electrolyte, one of the pair was transported into 
the upper reservoir, i.e., against the temperature gradient, the other being 
transported as usual into the lower but to a greater extent than if it were the 
only solute. Guthrie, Wilson & Schomaker assume a local electric field, 
parallel to the thermal gradient and arising from the different mobilities of 
the ions, and obtain, with certain simplifying assumptions, a solution which 
explains the experimental results. They also derive an explicit expression 
for the Soret coefficient of an ion in a mixture; curiously enough, the assump- 
tion that the enrichments for the various ions in the column are proportional 
to their Soret coefficients in the mixture is in much better quantitative agree- 


ment with experiment than the more elaborate treatment taking convection 
into account. 


THERMODYNAMICS OF ELECTROLYTES IN SOLUTION 


For the strong electrolytes, there have been two attacks on one of the 
oldest problems in the field—the representation of activity coefficients 
at moderate and high concentrations. The Debye-Hiickel equation has of 
course been highly successful with dilute solutions of many 1:1 and 2:1 


salts; however, the form that has been most generally used for aqueous solu- 
tions, 


log y= —242_00/J/(1+Bax/J) —log (1+0.018v»m)+BJ I 


in which, for an electrolyte dissociating into v ions per mole, 2, and z_ are 
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the valencies of cation and anion, J is the ionic strength at a molality m, 
a and B are the theoretical coefficients, and a is the mean ionic diameter, 
was subsequently proposed by Hiickel (62). He showed that the BJ term 
was necessary if there were a linear decrease in the dielectric constant of the 
solvent medium with concentration. 

The very serious difficulties involved in a study of the dielectric constant 
in highly conducting systems left the matter somewhat in the air, but Hasted, 
Ritson & Collie (63), by working with wave lengths in the range 1.25 to 10 
cm., have been able to obtain results for solutions from 0.5 to 5 N. To inter- 
pret their data, they assume a value of the atomic dielectric constant based 
on their earlier measurements with water, and assume a single relaxation 
time for the solution. For solutions up to 2 M and with a wide variety of 
salts, they find that 

€=€wt26C II 


where ¢€ and e, are the dielectric constants for solution and water and C is 
the concentration in moles per |. They are then able, following Hiickel, 
(62) to compute his coefficient B from the measured 6 and the known value 
of the mean ionic diameter a. Their calculated values are of the right magni- 
tude and show the correct trends on passing from salt to salt, but they believe 
that other effects may also contribute to the linear term. 

Stokes & Robinson (64), in contrast, employ an empirical approach based 
on Bjerrum’s ideas (65) of ion solvation. They assume that for each mole of 
the salt » moles of water will be bound in the hydration shells of the ions, 
thus effectively decreasing the water content of the solution. The resulting 
expression for the activity coefficient is 


log y= —242-ax/J/(1+Bav/J) —(n/v) log av—log [1—0.018(n—»)m] III 


where a, is the activity of the water in the solution and the other symbols 
have their previous significance. Stokes & Robinson thus use as the second 
adjustable parameter in place of the Hiickel B. Equation III is valid for 
considerably wider ranges of concentration than equation I (particularly for 
the 2:1 halides) in most cases representing y up to 1 M or higher with a 
mean deviation of 0.003. The a values are not very different from those used 
in equation I, but the m’s are considerably greater than one would expect, 
and moreover depend for a given cation on the anion. 

Stokes & Robinson go even further, and reduce equation III to a one 
parameter equation for the mono- and divalent halides. Following Bernal 
& Fowler (66) they assume that anion hydration is negligible, and on the 
basis of some not unreasonable assumptions, obtain a relation between 
and the mean ionic diameter. In a subsequent paper (67), they have applied 
the same concepts to mixtures of electrolytes with, however, only moderate 
success. For very concentrated solutions (a, <0.3), Stokes & Robinson as- 
sume that ion-ion interaction is practically independent of concentration 
and picture the solution as a quasi-lattice with water molecules dispersed 
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among the ions; they then apply the familiar BET adsorption equation (68) 
and obtain a surprisingly good representation of the data. In spite of the 
questionable nature of some of the assumptions and the neglect of certain 
factors, e.g., change of dielectric constant with concentration, Stokes & 
Robinson’s treatment is remarkably successful as a semi-empirical represen- 
tation of the data for moderately and highly concentrated solutions. 

Jones, Taylor & Vogel (69) have carried out a careful investigation of the 
change with temperature of the apparent molal volume of potassium and 
lanthanum and barium chlorides in dilute aqueous solution, but do not find 
Gucker’s predicted linear dependence of the temperature coefficient on 
/C (70), nor the expected effect of valence type. Gibson & Loeffler (71) 
have summarized the results obtained from a study of the pressure-vol- 
ume-temperature relations for solutions of sodium and lithium bromides and 
sodium chloride over wide ranges of temperature, pressure, and composition. 
As they point out, it is difficult to present in a condensed form the results of 
such an extensive series of researches, and the reader is advised to consult the 
original paper. 

In the field of weak electrolytes, Bates (72) has attacked the problem 
of overlapping dissociation constants which arises with many of the dicar- 
boxylic acids. It sometimes happens that the second overlapping step in 
the dissociation of a dibasic acid can be determined unambiguously by the 
usual Harned & Ehlers procedure (73) through the choice of a suitable buffer, 
but this is not the case for the first. From measurements on the cell He, 
acid salt plus MCI, AgCl, Ag where M is an alkali metal and the salt is of 
the type MHA, MH.A or M2HA, Bates is able to compute, after a short 
series of approximations, the product of the overlapping constants, thus 
fixing both if one is known independently. The subsequent study by Bates 
& Pinching (74) of the dissociation of citric acid, demonstrates the usefulness 
of his procedure. 

Bates has also considered in an important paper (75) that perennial 
problem, the standardization of the pH scale. It is now generally appreciated 
that pH is a nonthermodynamic quantity whose definition depends on some 
extrathermodynamic assumption. Cells without liquid junction can yield 
what Bates terms paH, and this can have significance at low ionic strengths 
where any of the usual assumptions as to ionic activity coefficients are 
practically equivalent; this will not be the case, however, at higher ionic 
strengths, where paH will depend on the particular assumption made. His 
proposal is that a set of primary standards covering the whole pH range and 
based on measurements of cells without transference at low ionic strengths 
should fix the scale; a secondary working standard or an unknown could then 
be compared with a suitable primary standard in the conventional cell with 
liquid juction. Such a procedure will not of course eliminate uncertainties as 
to the liquid junction potentials in the two measurements, but would at 
least remove some of the ambiguity involved in the usual measurement of 


pH. 
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Optical methods based on light absorption have been widely used and in 
favourable cases can give reasonably precise information as to ionic concen- 
trations. If the thermodynamic dissociation constant is desired, however, 
activity coefficients must be estimated, but any uncertainty from this cause 
may be minimized if, as is usually possible, the measurements are carried 
out at low ionic strengths. An alternative to light absorption is the use of 
Raman spectra, but this is not as yet capable of high precision; it has however 
given valuable information in the difficult case of the moderately strong 
electrolytes, and indeed it is doubtful whether our present knowledge of the 
nature of concentrated sulfuric and nitric acid solutions could have been 
obtained in any other way. The optical methods as a whole have been criti- 
cally reviewed in recent articles by Redlich (76) and by Young & Blatz 
(77), and the reader is referred to these for detailed discussion. 

Useful as the optical methods undoubtedly are, they may nevertheless 
yield results which are open to question. Thus Olson & Simonson (78) in 
a study of the equilibrium Fe+t++-+H,O = FeOH*+++Ht? in 0.002 N perchloric 
acid solution find identical shifts in the equilibrium through the addition of 
equal normalities of sodium and lanthanum perchlorates. In view of the great 
mass of evidence in favor of the ionic strength concept at the low concentra- 
tions they employed, one can only hope, as they suggest, that the effect will 
either be confirmed or shown to be spurious by independent investigation. 

There have been several investigations which either involve new experi- 
mental techniques or are studies of older but seldom used ones. Thus, 
Broene & De Vries (79) have used the lead-lead fluoride electrode with aque- 
ous hydrogen fluoride solutions in the presence and absence of sodium fluo- 
ride, and have thus obtained dissociation constants for HF and HF,.-~. 
Mason & Blum (80) have used the Pb amalgam, PbHPO, electrode in a 
thermodynamic study of orthophosphoric acid; Ferrell, Blackburn & Vos- 
burgh (81) have made a careful study of the silver, silver oxalate electrode, 
and MacDougall & Peterson (82) have investigated the silver electrode in 
connection with their measurements of complex formation in silver acetate 
solutions. Marshall & Ayers (83) have employed the clay membrane electrode 
as a means of measuring calcium ion activities at high dilutions and Marshall 
& Eime (84) have applied the same technique to magnesium ion. Stokes (85) 
has developed a somewhat unconventional method for measuring the vapour 
pressures of solutions, which consists in establishing a steady state of distil- 
lation between a solution at 25°C. and water at a lower temperature; his 
results are in reasonable agreement with earlier vapour pressure data. 

A consideration of the question of electrolytic solutions as a whole, shows 
that there has been notable progress, particularly in the fields of diffusion 
and transference. New and improved optical techniques should provide 
valuable information as to the nature of dissolved electrolytes, but there are 
still large gaps in our knowledge. We have nothing at present that can play 
the same role for concentrated solutions as the Debye-Hiickel-Onsager 
theory for the dilute, and in spite of the concerted attack on the problem of 
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nonaqueous solutions, there are still many questions concerning the behaviour 
of electrolytes in such solvents which require an answer. It seems probable 
that many of these must await further advances in the fundamental problem 
of the liquid state. 
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Introduction.—The purpose of the authors in writing the following review 
has been to give a critical account of the more significant papers bearing 
upon the theory of solutions which have appeared during the year 1949. 
We have not hesitated to trace certain developments back into 1948, but we 
are not giving the earlier background as fully as might be desirable if it were 


‘not for the expected publication of the third edition of our Solubility of 


Nonelectrolytes (1) in which the progress in the subject has been brought down 
to the middle of 1948.1 

It would be impossible, in the space at our disposal, to mention all the 
contributions pertinent to the general topic without turning this review 
into a mere set of abstracts such as are already available elsewhere; conse- 
quently, we can only apologize upon these grounds for the failure to report 
on a number of good pieces of work. 

Certain topics and types of system have been the subject of particularly 
active study during the year and have brought to light points of more than 
ordinary interest. The reviews which follow have been grouped accordingly. 

Iodine solutions—The investigation of iodine solutions has for many 
years contributed much to the theory of solubility and has continued during 
the past year to yield results of considerable significance. Iodine lends itself 
peculiarly well to this purpose for several reasons: its solutions can be easily 
and accurately analyzed; its molecular attractive field is very high, giving 
an enormous range to its solubilities; its molecules have nearly spherical 
symmetry; and chemical effects can readily be differentiated from physical 
effects by departures in color from the violet of iodine vapor. 

A general review of ‘‘The Nature of Iodine Solutions” by Kleinberg & 
Davidson (2) covered the subject into 1948. Late in the same year Benesi & 
Hildebrand (3) published a paper on the solubility of iodine in 1,2- and 
1,1-dichloroethanes, cis- and trans-dichloroethylenes, and perfluoro-n-hep- 
tane. All these solvents give violet solutions in spite of the considerable dipole 
moments of all but the last two, and the temperature dependence of solu- 
bility in all cases fits them into the family of regular solution curves to which 
all violet solutions of iodine belong, the significance of which is maximum 
randomness of distribution of iodine molecules; so the entropy of transfer of 


1 The manuscript of this book was submitted in the summer of 1948, but its pub- 
lication has been delayed by printing difficulties. 
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iodine from pure (supercooled) liquid to a solution in which its mole fraction 


is X2is Se—se® = —R In xo. All of these solutions conform reasonably well with 
the solubility equation for regular solutions, 
RT An (a2/x2) = Vo(¢i26: — 6:)?, I 


where a2 denotes the activity of the (solid) iodine referred to pure liquid 
iodine, v2 its liquid molal volume (extrapolated), ¢@: the volume fraction of 
the solvent, and 62 and 6; the “solubility parameters” of iodine and the 
solvent, respectively, which are defined as the square root of the energy of 
vaporization per cubic centimeter. Although values of x2 range from 0.000185 
in perfluoroheptane to 0.0782 in 1,2-dibromoethane, they all give, when 
substituted with the 6,-values into the equation, 62-values not far from 14.4. 
Table I gives the figures upon which are based the new conclusions of this 
paper. 
TABLE I 


IoDINE SoLuTions, 25° 





Solvent bb V2 100 x2 d2/X2 ry 52 











n-C7F i¢ 0 227. 0.0185 1400. 3.7 14.2 
trans-C2H2Cle 0 77.4 1.417 18.2 9.0 14.5 
cis-C2H2Cle 1.89 75.8 1.441 f7.3 9.1 14.5 
1,1-C.H,Cl. 2.07 84.7 1.531 16.9 9.1 14.4 
1,2-C.H,Cl. 1.18 79.5 2.20 1:7 9.8 14.9 
1,2-C.H,Br2 0.81 86.6 7.82 3.30 10.4 14.1 
I, 59.0 25.8 1.00 





The agreemeuni in the case of perfluoro-heptane, which is extraordinary in 
view of the exceedingly small solubility of iodine therein, offered the first 
definite evidence that the theory of regular solutions would be able to account 
for the solubility relations of fluorocarbons, remarkable as they are, as de- 
scribed later (p. 79). 

Values of dipole moments, yp, in Debye units are included in Table I, 
and justify another conclusion drawn in this study, i.e., that although bond 
moments may contribute to the over-all field of force of a molecule, the 
vector sum of individual polar bonds is not particularly significant, as shown 
by the agreement between cis- and trans-dichloroethanes in solvent power 
for iodine despite their great difference in over-all dipole moment. 

The same. authors (4) sought the reason for the red color of iodine in 
benzene solution. Since both components are ‘‘normal’’ in the liquid state, 
the only plausible explanation lay in an acid-base interaction, with benzene 
as the electron-donor and iodine the electron-acceptor. Such an acid-base 
interaction had been suggested by Fairbrother (5) as the cause of the dipole 
moments which he found for the associated complexes despite the zero mo- 
ments of the component molecules. It was found that the color shifted step- 








SOLUTIONS OF NONELECTROLYTES 77 


wise from red to brown in benzene, toluene, xylenes, and mesitylene, which 
is the order of increasing basic strength, but back to violet in trifluoro- 
methyl benzene, a weaker base than benzene. 

Absorption spectra were obtained through the range 270 to 700 mu. 
In the visible region, the absorption peaks shifted only moderately toward 
the violet in changing solvents in the above order, but all, with the exception 
of trifluoromethyl benzene, have absorption bands in the ultraviolet with 
extinction coefficients 7 to 10 times that of the visible band and shifting to- 
wards longer wave length in the same order. The two bands overlap strongly 
in mesitylene. 

The absorption of solutions of varying amounts of iodine and benzene in 
carbon tetrachloride gave the equilibrium constant of a definite 1:1 com- 
pound, and the constant obtained with mesitylene corresponded to much 
stronger degree of 1:1 solvation. [In a paper in press at this writing (74), the 
authors show that the degree of solvation yielded by these calculations con- 
forms closely to the large excess of solvent power of these aromatics over 
the regular solution values that would otherwise be expected. The same 
paper gives absorption peaks and extinction coefficients for iodine in ether, 
heptane, carbon tetrachloride, carbon disulfide, 1,1-dichloroethane, and 
acetone. A communication now in press (75) gives a new and different inter- 
pretation of the acetone absorption.] Mulliken (72) has analyzed the above 
results from the standpoint of molecular orbital theory. 

Bayliss (6) expressed the opinion that the ultraviolet absorption of iodine 
in benzene represents a shift to longer wavelength of a band of gaseous iodine 
found in the neighborhood of 165 my. Against this assumption is first, the 
fact that iodine in the ‘‘violet’’ solvents, carbon tetrachloride and n-heptane, 
does not absorb in the region where it should according to the relation used 
by Bayliss and, second, the evidence for a specific 1:1 interaction, instead 
of a nonspecific one postulated in that relation. 

Two other recent investigations add convincing evidence of the basic 
nature of aromatic hydrocarbons increasing in the above order. Andrews & 
Keefer (7) measured the solubility of nine aromatic hydrocarbons in aqueous 
silver nitrate of varying concentrations and reported equilibrium constants 
for the formation of AgArt and some AgeArtt. The value of an overall 
equilibrium constant K, expressing ‘“‘total argentation”’ varies a little with 
concentration of Agt, which is taken to indicate some Ag,Ar** along with 
AgAr*. Their values of K for 0.2 M Ag* are as follows: 


Benzene 2.46 Naphthalene 3.58 
Toluene 3.10 Diphenyl methane 4.20 
p-Xylene 2.86 Biphenyl 4.80 
o-Xylene 2.96 Phenanthrene 5.00 
m-Xylene 3.28 


Brown & Brady (8) determined the Henry’s law constant for hydro- 
chloric acid at —78.51°C. dissolved in a mixture of 10 moles of toluene with 
1 mole of aromatic hydrocarbon, with the following results: 
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Trifluoromethyl benzene 332 o-Xylene 286 
Chlorobenzene 318 m-Xylene 278 
Benzene 308 Pseudocumene 272 
Toluene 299 Hemimellitine 265 
p-Xylene 294 Mesitylene 254 


These independent evidences concerning the basic nature of aromatics 
are significant not only for solubility theory as indicating when to expect 
deviations of their solutions from regular solution behavior, but also for their 
chemical behavior, since their combinations with electron acceptors can 
function as activated complexes. Benesi & Hildebrand noticed the slow 
disappearance of color in solutions of iodine in mesitylene. 

Molecules of different size-—It is now well known that only in very special 
cases [such as a lining up of linear molecules in solution (9)] can solutions of 
molecules of different size show an ideal entropy of mixing. This has been 
emphasized by the striking negative deviations from Raoult’s law found in 
the extensive studies of high polymer solutions during the past decade. In 
1944, Guggenheim (10) proposed a general theory for the entropy, heat, and 
free energy of mixing for a mixture of molecules containing different numbers 
of chain segments of equal size, each occupying a site in a quasi-lattice. In 
1946, Brgnsted & Koefoed (11) published very accurate vapor pressure meas- 
urements on the systems m-hexane-n-hexadecane, n-heptane-n-hexadecane, 
and n-hexane-n-dodecane, finding that the free energy of mixing deviated 
only slightly in a negative direction from the laws of ideal solutions. Since 
measurements were made at only one temperature, no information was ob- 
tained on the separate contributions of the heat and entropy. 

Van der Waals & Hermans (12) have now measured the heat of mixing of 
n-heptane with n-hexadecane and find a small but significant positive heat 
of mixing, virtually symmetrical in the mole fraction. If this AH is subtracted 
from the AF measured by Brgnsted & Koefoed, the resulting As is in good 
agreement with Guggenheim’s formula if a reasonable coordination number 
(z=8) is chosen and if the number of segments is counted by choosing CH; 
and C2H, groups as fundamental units. 

Tompa (13) has recently extended Guggenheim’s theory to allow for the 
energy differences between end groups and middle groups, but according to 
van der Waals & Hermans, his more complicated formula gives little improve- 
ment, since it differs from that of Guggenheim by less than 1 per cent when 
the heat of mixing is as small as that found for heptane-hexadecane. 

Hildebrand & Wachter (14) have recently published data on solutions of 
n-dotriacontane (dicetyl) where the size of the hydrocarbon molecule is 
even greater than in the above work. 

Scatchard (15) and Hildebrand (16) have both recently reviewed the 
problem of molecules of different size, and the former has suggested that in 
using the Hildebrand ‘‘free volume” formula 
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a reasonable assumption would be to take the free volumes V/ as proportional 
to the surface of the molecules, rather than to their volumes. This leads 
directly to the Guggenheim formula, but for long chain polymers, the ratio 
of surface to volume is nearly independent of chain length, leading to the 
Flory-Huggins equations in the limit. 

An entirely different problem, that of mixing spheres of different size, is 
considered by Hudson (17), but only from the standpoint of packing and 
density. Calculations of entropy and energy relationships and the finding of 
suitable experimental systems for study of this fascinating problem remain 
for the future. 

Meares (18) has measured the volume changes on mixing esters and has 
interpreted the contraction observed in some cases as being due to geometri- 
cal effects; when there is a large difference in molecular sizes of the compo- 
nents, the mixture may be able to pack more economically than either pure 
component. 

Fluorocarbons.—The extraordinary solvent properties of fluorocarbons 
have come to light only during recent years (19) following the preparation of 
a number of them during the late war. In view of the fact that their vapor 
pressures do not differ greatly from those of the corresponding hydrocarbons, 
it was at first quite astonishing to discover the vast differences between the 
solvent powers of a hydrocarbon and its fluorocarbon analog? (20), differences 
so great as to raise the fear that they might overstrain the theory that had 
so far been sufficient to cope rather well with regular solutions. However, the 
figure obtained for the solubility of iodine in perfluoro-n-heptane, referred 
to in a previous section (p. 76) agreed with the ordinary solubility equa- 
tion so well, despite its small magnitude (mole fraction 0.000182 at 25° 
compared with 0.00679 for iodine in n-heptane) as to give reasonable assur- 
ance that the theory would suffice to cope with all fluorocarbon solutions. 
Evidence to this effect was added by Hildebrand & Cochran (21) who ob- 
tained the liquid-liquid solubility curves shown in Figure 1 for perfluoro- 
methylcyclohexane with benzene, carbon tetrachloride, chlorobenzene, 
chloroform, and toluene, with critical compositions all close to 0.5 expressed 
as volume fraction, and critical temperatures which rise with increasing 6- 
values for the other liquid except for the slight reversal between benzene and 
toluene as previously found for solutions of stannic iodide (22) and sulfur 
(23). These authors made a rough, provisional test of the approximate 
equation relating T, to the molal volumes and 6-values of the components, 


4RT,. = (vi + V2) (8; = 52)”. Ill 


Calculating 6; for the fluorocarbon from T, gave values close to 6.0, in agree- 
ment with the value that had been assigned by Scott (20) in his survey of 6- 
values of the fluorocarbons. No attempt was made to correct for the vari- 
ation of 6; and 62 with temperature, on the assumption that 6.—6, would not 
vary greatly, an assumption to be later tested. Allowing for this uncertainty, 


2 The senior author is indebted to Professor George H. Cady for first calling his 
attention to these differences. 
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the treatment is a good approximation. In a more refined treatment, the 
departures from Raoult’s law entropy caused by disparity in volumes dis- 
cussed in the previous section will have to be considered. 

A thesis by Rohrback (24), collaborating with Cady, gives vapor pres- 
sures of solutions of tungsten hexafluoride with perfluorocyclopentane. They 
show a moderate positive deviation from Raoult’s law; the activity coeff- 
cient of tungsten hexafluoride extrapolates to 1.34 in the limit and that of 
perfluorocyclopentane to 1.68. These are less than the values calculated 
from the internal pressures alone, by equation |, but agree well with equa- 
tion IV, 


V2 y 

In oy = In ba +o (1 ~~) + ; IV 

which takes account of the disparity in molal volumes, 179.6 cc. for CsF yo 
and 88.0 cc. for WF¢. Their 6-values are given as 5.77 and 7.96, respectively. 
Gjaldbaek & Hildebrand (25) published figures for the solubility of nitro- 
gen in carbon disulfide, benzene, m- and cyclohexane, perfluoro-n-heptane, 
perfluoromethylcyclohexane, and perfluorodimethylcyclohexane. On account 
of the small size of the nitrogen molecule, particularly as compared with 
the three fluorocarbons, the Flory-Huggins entropy correction becomes very 
significant. The assignment of values for the molal volume and the activity 
of nitrogen must be somewhat arbitrary, but it was possible to make a semi- 
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empirical adjustment of the parameters in equation IV which enabled it 
to reproduce the experimental results fairly well for solutions of nitrogen 
in a total of 12 solvents with values of its mole fraction varying from 
40.1X10-4 in perfluoroheptane to 2.23X10-4 in carbon disulfide. Since 
x; > >x2, equation IV can be simplified to 


—log x2 = — log a, + log (¥2/v,) + 0.434(1 — Ve/vi) + Ve(d1 — 52)2/4.575T. 


The authors used the values —log a2= 2.80, V2=53 cc., and 62=5.2. The vol- 
ume entropy is particularly significant for the fluorocarbon solutions because 
of the large volume disparity; vi/V2=4.28 in the case of fluoroheptane. (The 
paper contained one minor error, the measured values of —log x2 for C7Fi¢ 
and CsFis were transposed.) 

A similar picture (73) is reported for chlorine in fluorocarbons and several 
other solvents. The maximum solubility in that case is found not in fluoro- 
carbons but in carbon tetrachloride, in harmony with the closely agreeing 
6-value for chlorine; but here again the volume entropy helps the agreement 
in the case of fluorocarbons. 

Hildebrand, in 1934, had published a picture of six liquid phases in stable 
equilibrium. In 1949 (26), he took advantage of the low solubility parameters 
of the fluorocarbons to extend the layers to seven, consisting, in order of 
increasing density, of heptane, aniline, water, ‘‘perfluorokerosene”’ (ca. 
C,2F 9), white phosphorus, gallium, and mercury. 

The remarkably small internal pressures or solubility parameters of the 
fluorocarbons are mainly the effect of their exceedingly large molal volumes. 
The polarizability, a, of a fluorocarbon is slightly greater than that of the 
corresponding hydrocarbon, and therefore, in the light of the London for- 
mula, the intermolecular potential energy, 


3 atrhvo 
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between a pair of fluorocarbon molecules is probably a little greater at the 
same separation than that between a pair of the hydrocarbon homologs, but 
the latter are so much smaller, and can approach so much more closely, that 
their pair potentials may be greater at the equilibrium distance. Actually the 
potential energies per mole (i.e. molar energies of vaporization) for a hydro- 
carbon and the corresponding fluorocarbon are not very different; the 6’s, 
however, are derived from the energies per unit volume and these differ 
greatly because of the difference in size. 

Clustering and critical phenomena in binary solutions——Recent studies, 
both experimental and theoretical, have reopened the entire question of 
critical phenomena in gases and in the entirely analogous case of binary solu- 
tions, and in doing so have cast serious doubt upon the validity of even the 
qualitative aspects of the classical treatments by van der Waals and van 
Laar. 

The great triumph of the van der Waals equation of state was its repre- 
sentation of pressure-volume isotherms by a single analytic function appli- 
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cable to both the liquid and vapor phase. At the critical point, the first and 
second derivatives of the pressure with respect to the volume vanished, 
permitting the parameters of the equation of state to be related to the critical 
constants. Below the critical temperature, two distinct phases must appear, 
and according to van der Waals’ theory, the coexistence curve giving the 
molal volumes of the phases in equilibrium must have a roughly parabolic 
shape in the region of the critical temperature. The densities of the coexistent 
phases must be related in a similar fashion, 


T.-T 1 99 \2 
eat (* p' ) Vv 
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where p!, p?, and p, are the densities of the liquid, gas, and critical phases 
respectively. 

While the van der Waals equation is now known to be only a crude ap- 
proximation, more nearly satisfactory analytical expressions involve the 
same conditions for the critical point and result in a similar rounded para- 
bolic coexistence curve. In fact, it appears that any simple analytic function 
used to describe both phases simultaneously must lead (27) to an expression 
similar to equation V. 

Whether it is, in fact, necessary to represent the pressure by a single func- 
tion below the critical point is net known. The portion of the van der Waals 
isotherm sometimes labelled as ‘‘unstable’’ has no precise thermodynamic 
significance, and its status in statistical mechanics, if any, is obscure. 

The extensive theoretical studies of condensation phenomena by Mayer 
and co-workers (28), starting in 1937, have cast doubt upon this previously 
accepted picture. In their view, at any particular temperature and pressure 
the vapor phase consists of single molecules, double molecules, triplets, 
quadruplets, and higher clusters, all in statistical equilibrium. Increasing the 
pressure shifts this equilibrium in the direction of the larger clusters until, 
if the system is below its critical temperature, the entire assembly becomes 
unstable with respect to a single large cluster, i.e., the liquid phase. While 
this formulation is incapable of yielding any useful information about the 
condensed phase, its authors believe that their description is completely 
rigorous up to the point of condensation. Two different unique temperatures 
appear, a higher temperature, which they call T,, at which (0P/dV)r and 
(0?P/dV*)r vanish, and a lower temperature 7,, at which the meniscus dis- 
appears (corresponding to zero surface tension) and above which no segrega- 
tion into two phases occurs; at 7,,, the coexistence curve has a truncated 
flat top. Between 7; and T,, is a finite region in which the P- V isotherms are 
flat, corresponding to a situation where a small change in the volume has no 
effect upon the distribution of clusters of different sizes, i.e., upon the free 
energy of the system. Unlike the two-phase region below T., however, the 
isotherm is a smooth curve with no discontinuities in (@P/0V)r. 

While Maass and co-workers (29) believe that they have observed such 
an effect in their studies on ethylene, the exact nature of critical phenomena 
is still subject to dispute. Rice (30), in a similar treatment of clustering 
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phenomena, concludes that above T,, (0P/dV)r may be small but never 
zero although his formulation also leads to a flat top to the coexistence curve. 

The analogy between vapor-liquid equilibria in one-component systems 
and liquid-liquid miscibility is extremely close. The concentration (mole 
fraction x) replaces the density p, and activity a (or partial molal free 
energy), the pressure P. The classical treatment of liquid-liquid solubility 
first developed by van Laar (31) and placed on a firmer physical foundation 
by Hildebrand (32) and by Scatchard (33) utilizes an activity function 
analogous to van der Waals’ P-V function and calculates critical solution 
temperatures from the conditions that (da/0x)r and (d?a/dx*)r simultaneously 
vanish. The coexistence curves are roughly parabolic and the typical analyti- 
cal behavior is illustrated schematically by Figure 2. 
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The statistical model from which the regular solution equations (32, 33) 
were deduced envisages solutions in which thermal motion is sufficient to 
produce a completely random distribution of solvent and solute molecules. 
Even though the interaction between different kinds of molecules is assumed 
to be different in order to account for nonzero heats of mixing, the tendency 
of these energy differences to cause segregation of the solution into clusters 
of like molecules is ignored. This leads to an apparent contradiction, since 
this clustering tendency must be the driving force which leads to ultimate 
gross separation into two phases. 

Two questions then are paramount: (a) To what extent does the undis- 
puted tendency to segregate into clusters invalidate the theory of regular 
solutions, especially in the critical region? (b) What is the precise character 
of the coexistence curve and the activity curves in the critical region? 
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The first question has already been partially answered. Guggenheim 
(34), Rushbrooke (35), and Kirkwood (36) have shown that the preferential 
pairing of like molecules introduces only small quantitative differences 
above the critical temperature, while at temperatures well below the critical 
temperature, phase separation occurs before the correction terms for prefer- 
ential sorting become appreciable. This conclusion is physically reasonable, 
for at high temperatures thermal motion minimizes the ordering effect, while 
at low temperatures the solutions are so dilute that solute clusters are in- 
herently improbable. The problem has recently been discussed again by 
Parlin & Eyring (37) with results identical with those of the ‘‘quasi-chemi- 
cal’’ theory (34, 35). All of the treatments obtain a single analytical function 
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which, however complex, is continuous throughout the two phase region, 
and all lead to a coexistence curve which is necessarily parabolic in the critical 
region. 

The anomalous results of Mayer’s cluster theory, when applied to vapor- 
liquid equilibria, suggested a similar treatment for solutions. McMillan & 
Mayer (38) have shown that in their theory of multicomponent systems, 
two unique temperatures must appear. One, T., is the temperature at which 
the first and second derivatives da/dx and 0?a/dx* simultaneously vanish. 
At the second temperature, 7,,, the interfacial tension vanishes and above 
this temperature (assuming it to be an upper critical temperature) no 
tendency to segregate into bulk phases can exist. The mathematical theory 
does not relate 7, and T,, in any simple fashion, so we must distinguish three 
possibilities. 

(a) The possibility that T,, equals T, is not entirely excluded, but Mc- 
Millan & Mayer regard their equations defining T,, and T, as essentially 
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independent, making the identity of the two temperatures very improbable. 
Should T,, equal T., however, the resulting activity curves would resemble 
those in Figure 2, and the coexistence curves would have a rounded top. 

(b) By analogy with the earlier work on one-component systems, the 
most reasonable assumption appeared to be that 7, is greater than T,;,, leav- 
ing a range of temperatures in which the activity curves pass through a flat 
portion. In this region, as in the vapor-liquid case, there is no driving tenden- 
cy to make one distribution of clusters of like and unlike molecules more 
probable than others. This ‘“‘derby hat’”’ picture is shown in Figure 3; the 
coexistence curve has a flat top. 

(c) Conceivably, T. might be below T,,. In this case, the lower critical 
temperature T, would have no physical reality, and at the limit of phase 
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separation, T,,, 0?a/dx? would vanish, but not da/dx. The coexistence curves 
would exhibit a sharp peak (Fig. 4); since there is no experimental evidence 
remotely suggesting such a situation, it has been almost universally dis- 
carded. 

Rice (39) has recently reviewed the various theories and compared them 
with the rather fragmentary experimental information so far available. 
By developing a cluster theory analogous to his earlier treatment of the 
vapor-liquid case, Rice concludes that while a horizontal portion of the co- 
existence curve is probable at 7,,, above this temperature the activity curves 
must show a finite, although possibly very small, slope at all concentrations. 
Such a situation is shown schematically in Figure 5. 

It is impossible to prove experimentally that there is an absolutely hori- 
zontal portion to any curve, as it is equally impossible to exclude the possi- 
bility of a small horizontal section. Rice believes, however, that both cases 
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exist, citing the systems phenol-water and acetic anhydride-cyclohexane as 
examples of a flat top and acetic anhydride-carbon disulfide as an example of 
a rounded top. He disputes, however, the conclusion which Roberts & 
Mayer (40) have drawn from their measurements on the triethylamine-water 
system, namely, that below the lower critical temperature, about 18°C.., 
there is a region of constant activity in an inverted ‘‘derby hat” extending 
perhaps to 0°C. 

Measurement of light scattering is a highly sensitive method for studying 
critical phenomena because of the characteristic opalescence resulting from 
the formation of large clusters; at the point of incipient formation of two 
phases, the light scattering becomes infinite. Zimm (41) has used this method 
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in a careful study of the system perfluoromethylcyclohexane-carbon tetra- 
chloride, which exhibits a consolute temperature at 28.3°C. in good agree- 
ment with the predictions of regular solution theory (see p. 79). He found 
no evidence for any ‘“‘derby hat”’ region; in fact, his measurements were sufh- 
ciently precise that a difference between JT, and T,, of greater than 0.01°C. 
is excluded. The coexistence curve in the critical region is apparently not 
flat, but rounded, and can be well represented by an equation of the form 
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VI 
where ¢’ and @” are the volume fractions of one component in the two 
conjugate phases at temperature T and ¢; is the critical volume fraction 
at T.. 

Equation VI is not the parabolic equation expected from classical theory, 
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and no satisfactory explanation is yet known. The result is, however, in 
agreement with many data on gases; Guggenheim (42) has shown that the 
conjugate densities of argon, krypton, xenon, nitrogen, oxygen, carbon 
monoxide, and methane fit a cubic formula with surprising accuracy over a 
large range of temperatures: 
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Rice (39) has suggested a number of future experiments designed to 
throw additional light on the problem, among them measurements of total 
vapor pressure and of the surface tension at the liquid-vapor interface. 
These must be carried out with a high degree of accuracy with materials of 
high purity. On the theoretical side, further examination of the cluster 
theories is clearly indicated with special reference to these questions: (a) 
Under what conditions (in the McMillan & Mayer theory) can T, equal T,,? 
(b) What is the criterion for coexistence curves with rounded tops (if any) 
as against coexistence curves with truncated flat tops (if any)? (c) Why does 
the rounded coexistence curve have a cubic form (Equation VI) rather than 
the classical, parabolic form? 

Attention has been focussed anew upon the curious phenomena of the 
solubility of solids in gases above the critical temperatures of the latter. 
Booth & Bidwell (43) have reviewed the general field of solubility measure- 
ments in the critical region, while Diepen & Scheffer (44) have measured 
new systems of this type, especially that of naphthalene in supercritical 
ethylene. Neither of these authors has considered the theoretical problems 
discussed above, but their work emphasizes the influence which small im- 
purities may have in displacing and distorting critical phenomena. 

Solid solutions.—In the field of solid solutions, the past year has seen the 
accumulation of considerable information concerning solid compounds 
between the supposedly inert tetrahalides and polar compounds. Kennard & 
McCusker (45) have observed molecular compounds containing two moles 
of carbon tetrachloride to one of pyridine or dioxane, while Sisler and co- 
workers (46, 47, 48) have found 1,1 compounds between carbon tetrachloride 
and methyl-m-cresyl ether and between silicon tetrachloride and arsenic 
trichloride; stannic chloride forms many addition compounds. The results 
for stannic chloride are in agreement with its acidic character, but the reason 
for these compounds with carbon tetrachloride and silicon tetrachloride 
remains to be explained. 

Forward, Bowden & Jones (49) have filled in the gaps in Pascal's study 
(50) of solid solutions between the triphenyl compounds of nitrogen, phos- 
phorus, arsenic, antimony, and bismuth, including triphenylmethane as well. 
Of the fifteen systems, four (@¢;3N—@3:P, $3P—@3Sb, @3As—@3Sb, and 
¢@3As—¢;CH) show complete miscibility in the solid phase; two others 
(@3P —@3As and @3Sb and @¢;3Bi) show peritectic curves; the remaining nine 
are all of the eutectic type. There was partial solubility in all the above cases, 








88 HILDEBRAND AND SCOTT 


but no solid solutions were observed between tetraphenyl tin and any of the 
triphenyls. 

The ability to form solid solutions is common to all hydrocarbons having 
low heats and entropies of fusion since these are indicative of rotation in the 
solid phase. Further evidence of this was provided by Evans et al. (51), 
who found that 1,1-dimethylcyclohexane formed solid solutions with cis- 
and trans-1,2-dimcthylcyclohexane, trans-1,4-dimethylcyclohexane, cyclo- 
hexane, and 2,2,3-trimethyl butane, but not with n-heptane or n-butyl- 
cyclohexane. 

Metallic solutions—These were discussed extensively at a discussion on 
“The Physical Chemistry of Process Metallurgy” held by the Faraday 
Society in September, 1948. Of particular importance was Chipman’s de- 
tailed review of activities in liquid metallic solutions (52). He summarized 
the wide variety of methods by which thermodynamic properties of such 
solutions can be measured: by vapor pressures, by electromotive force meas- 
urements, from phase diagrams, from distribution equilibrium, and from 
chemical equilibrium. Most of these methods are applicable to ordinary non- 
electrolyte systems; the use of phase diagrams for such calculations deserve 
more widespread attention. In this connection, it might be noted that Chip- 
man has coined the term “semi-regular solution’’ for those solutions which 
conform to the equations for regular solutions over part, but not all, of the 
concentration range. Since one of us is responsible for the introduction of 
the concept of ‘‘regular solutions” for solutions in which thermal motion leads 
to a random distribution of molecules and an ideal entropy of mixing, we 
feel justified in stating our general agreement with the objections to this 
term expressed by Guggenheim & Kleppa (53), especially since it refers to 
no physical model. The latter has proposed a more useful measure of devia- 
tions from regular solutions, an ‘‘entropy coefficient” relating the observed 
and ideal partial molal entropies in a way entirely analogous to that in which 
the ‘‘activity coefficient’’ relates the observed and ideal partial molal free 
energies. We regret, however, the choice of ‘“‘entropy mol fraction” to name 
the entropy analogue of activity. 

Other studies on liquid metal systems include those of Lumsden (54) 
on lead-zinc, Liebhafsky (55) on aluminum-mercury, Campbell, Wood & 
Skinner (56) on iron-tin and Kleppa (57) on lead-gold. 

Miscellaneous——It has been a common observation that the free energy 
of mixing calculated from various statistical mechanical models (such as the 
‘“‘quasi-chemical” theory) is almost invariably in better agreement with 
experimental results than is the heat or the entropy compared separately. 
Guggenheim (58) now suggests that the quasi-chemical treatment may be 
improved by considering the interaction parameter w which appears in that 
formulation as a local free energy rather than as a pure energy factor; this 
permits w to be temperature dependent. This interpretation, however, does 
not exclude the possibility of other explanations such as volume changes 
which introduce a difference between AE and Au. 
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Wall & Stent (59) have extended the former’s theory of vapor pressures 
based upon the van der Waals equation of state to include the properties of 
binary solutions; they have discussed also deviations from Raoult’s law, 
constant boiling mixtures, and partial miscibility in terms of the parameters 
a and b for the pure substances. These qualitative conclusions can be useful, 
as van Laar pointed out 40 years ago, but numerical results should not be 
taken too seriously. In particular, equality of the critical pressures of the 
two components is a totally unsatisfactory criterion for ideal behavior in 
liquid solutions. 

In an extensive article, Scatchard (60) has reviewed various methods of 
representing deviations from ideal solutions and the various factors which 
may contribute to these deviations. A particularly important feature of this 
paper is a treatment of association and compound formation which modifies 
and extends earlier work by Redlich & Kister (61) and places the treatment 
of chemical effects in solutions on a much firmer basis than was possible 
with the discredited Dolezalek treatment. While Scatchard suggests no meth- 
od of clearly differentiating between physical and chemical interactions, 
Redlich (62) has proposed the following criterion involving vibrational in- 
frared or Raman spectra: If in a solution the frequency of a particular line 
or band continuously changes on changing the concentration, the shift is 
due to a physical interaction with the environment. If one line gradually 
becomes less intense while a different line appears and becomes stronger, 
we may safely assume a chemical equilibrium between two distinct species. 

Whittaker & Yost (63) have studied the system vanadium tetrachloride- 
carbon tetrachloride in attempt to find evidence for or against the dimeriza- 
tion of VCl, to V2Cls. The thermodynamic evidence is against this possibility, 
but the magnetic and optical evidence is unclear. A single measurement 
showed a positive heat of solution, indicating positive deviations from 
Raoult’s law. The authors’ statement that ‘‘the volume of the solution is 
generally less than the sum of the volumes of the pure components’’ is in 
error; had the specific volume been plotted against weight fraction rather 
than against volume fraction (or better yet, molar volume against mole 
fraction), a linear relation within experimental error would have been ob- 
tained corresponding to additivity of molar volumes. 

Mixtures of gases are in reality gaseous solutions and at pressures where 
deviations from ideal gas behavior are significant, present many of the prob- 
lems characteristic of liquid and solid solutions. Beattie (64) has recently 
reviewed the various methods of computing the thermodynamic properties 
of gases and gas mixtures. Hough & Sage (65) and Redlich & Kwong (66) 
have also discussed the problem, the former in connection with volumetric 
behavior of gaseous hydrocarbon solutions and the latter in terms of a new 
equation of state. 

The adsorption of gas mixtures on solids has been the object of consider- 
able attention. Arnold (67) has measured nitrogen-oxygen on anatase, while 
White & Schneider (68) have studied oxygen-nitrogen and oxygen-argon 
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on chromic oxide gel, and oxygen-argon on silica gel. The results are in dis- 
agreement with a theory of Hill (69) based upon the Brunauer-Emmett-Tel- 
ler theory and assuming Raoult’s law for the mixture. Arnold has proposed a 
“liquid entropy”’ model; the question of deviations from ideality of the mixed 
adsorbate remains to be considered. 

When the adsorbent has capacity to swell or even dissolve in the adsor- 
bate, any clearcut distinction between sorption and solution is lost. For exam- 
ple, Dole (70) has described the system rubber-benzene at low pressures as 
adsorption, while the usual treatment necessary at high pressure involves a 
solution of rubber in benzene. This difficulty was partially resolved recently 
when Hill (71) showed that a single thermodynamic treatment can follow 
this transition from adsorption to solution. 
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INTRODUCTION 


The field of radiochemistry has flowered in the last ten years, the largest 
single factor being the development of the atomic weapons during the war. 
The Manhattan District required the services of large numbers of people 
who had not had an active interest in radiochemistry prior to the war but who 
rapidly acquired the techniques and contributed to the radiochemical efforts 
of the Project. In most instances, these men have retained their interest and 
have continued to do research in the field, either in the laboratories of the 
Atomic Energy Commission, the universities, or several of the industries. 
By way of illustration of the increase in knowledge that has resulted, the 
number of known isotopes has doubled from around 500 in 1939 to somewhat 
over 1,000 at the present time. The increase of course has occurred princi- 
pally among the radioactive isotopes, though the number of stable isotopes 
has risen from 261 to 283 in this period, while the radioactive species have 
risen from 220 to somewhat over 730. Nine new elements are reported in the 
newly discovered isotopes: five transuranic (neptunium, plutonium, ameri- 
cium, curium and berklium) and technetium (element 43), prometheum 
(element 61), astatine (element 85), and francium (element 87). The dis- 
covery of these isotopes has of course made possible a considerable eludication 
of the chemical properties of these missing elements. 

The discovery of the fission process (1) and the ensuing intense investi- 
gation of its characteristics, particularly for Us, revealed that about 250 
isotopes, largely radioactive, are produced. The development of the chain 
reacting pile provided a source of these isotopes of previously undreamed 
of magnitude, tens and hundreds of megacuries being the equilibrium 
amounts developed in a single pile for the fission products of highest yield. 
This new factor required the immediate development of a new branch of 
radiochemistry, called ‘‘hot chemistry,’’ devoted to the techniques of han- 
dling hundreds, thousands, or even millions of curies of radioactivity. It also 
led to an acceleration of the researches in radiation chemistry because of 
the importance of radiation decomposition effects on the structural materials 
of the pile itself and on the solutions and chemicals used in the separation 
of the plutonium produced in the uranium metal in the piles (this subject is 
treated elsewhere in this volume: cf. article on radiation chemistry). The 
branch of radiochemistry known as hot atom chemistry, which is concerned 
with the chemical effects of nuclear transformations on those atoms under- 
going the transformations, as distinguished from the radiation chemistry 


1 This review covers approximately the period from 1939 to 1950. 
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where the radiations emitted in transformations alter and affect other atoms 
and molecules, received considerable acceleration again through the effects 
on pile structural materials. 

After the immediate emergency of the war had ended, the Atomic Energy 
Commission emphasized the peace-time applications of atomic energy, 
especially the use of radio-isotopes which could now be produced in great 
quantities cheaply in the piles. Particularly important, for example, is radio- 
carbon, the 5,700 year isotope discovered in 1940 by Ruben & Kamen (2), 
the production of which had been nearly impossible by prewar devices. The 
situation in carbon was particularly serious because the other radioactive 
isotopes were so short lived as to be practically useless for most biochemical 
and organic chemical research. The C isotope, however, was widely used, 
and probably always will have certain applications, but now has a most valu- 
able and healthy ally in C'. It seems no exaggeration to expect that the pro- 
duction of radiocarbon may well be one of the most important peace time 
applications of atomic energy because of its obvious wide spread application 
to biochemical and organic chemical processes, both in the research labora- 
tory and in industry. The Isotopes Division of the U.S. Atomic Energy 
Commission has made available a large number of radioactive isotopes and 
radiochemical services at essentially nominal prices, so that over 150 institu- 
tions in the United States, exclusive of a considerable number in foreign 
countries, are busy in intensive application of these new and powerful tech- 
niques to research, development, and control problems throughout the whole 
fields of chemistry, physics, biology, and medicine. The Clinton pile has been 
the principal producer, though the other facilities of the Atomic Energy 
Commission have assisted. In addition to the radioactive isotopes, there has 
been a considerable program of production of enriched stable isotopes, which 
has been pursued at the electromagnetic separation plant in Oak Ridge; and 
a number of significant researches in nuclear physics and radiochemistry 
have been greatly assisted by these materials. 

The results of the researches aided by these facilities have been described 
in several hundred scientific papers published in the literature (3). They 
range from diagnostic and therapeutic uses in medicine through biochemical 
researches on metabolic processes, the problems of ordinary chemical kinet- 
ics, studies in nuclear structure, and radioactive transformation processes in 
nuclear physics and radiochemistry, to industrial applications of the con- 
trol type. 

The principal developments in nuclear physics other than the chain re- 
acting pile itself have followed upon the use of the intense neutron beams it 
made available, the development and use of new high energy accelerators in 
the Radiation Laboratory at Berkeley, the University of Illinois at Urbana, 
and the General Electric Laboratories in Schenectady, and a more intense 
and widespread study of cosmic radiation all over the world. In addition 
to these major movements, the continued study of nuclear magnetic mo- 
ments and spins by the Columbia school under Rabi, and the develop- 
ment of the new nuclear magnetic induction technique, and the application 
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of the methods of microwave spectroscopy to the determination of quadru- 
pole moments have added considerably to our detailed knowledge of nuclear 
properties. Taken together, these efforts have given usa much more detailed 
picture of the energetic properties of atomic nuclei such as total binding 
energy and energy level structure. We also have learned much more about 
nuclear spins, magnetic moments, and quadrupole moments, but it would 
seem that the principal major development in nuclear physics other than the 
fission process itself has been the proof that 7-mesons of mass 285 times that 
of the electron are produced directly by bombardment of the ordinary 
nuclei with high energy charge particles and y-rays, and that the 7-mesons 
decay to form the longer lived u-mesons of mass about 212 times that of 
the electron. The first result is due largely to the group at the Radiation 
Laboratory at Berkeley (4, 5), though the general type of phenomenon had 
been known for some time to cosmic ray researchers. The discovery of the 
m-u decay was due to Powell and his collaborators in England (6). Among 
the great miscellany of detailed information on the problems of individual 
nuclei, one of the most interesting is the evidence for the long suspected 
radioactive decay of the neutron. It appears to have a half life of between 9 
and 18 min. for its beta decay into hydrogen (7, 8). Other developments in- 
clude the existence of delayed neutron emitters in the fission process and 
synthetically in N'’, a phenomenon in which the readjustment of the neutron- 
proton ration from a neutron-rich value to a stabler state, normally accom- 
plished by beta decay, is accomplished by neutron emission. These isotopes 
are, in all instances so far discovered, cases where the binding energy of the 
neutron emitted is unusually low due to the nuclear shell structure (9, 10) 
(this is discussed later in this article). 

The cosmic radiation has been shown to produce radiocarbon in the 
atmosphere, which makes living matter uniformly radioactive and offers 
hope of a new method of measuring the age of ancient organic materials. 
Death eliminates the replacement of the decaying radiocarbon by ingestion 
from the life cycle (11 to 14). 

The major development in the theory of the nucleus is the semi-empirical 
discovery of closed shells in nuclei (15, 16, 17). It has been shown that a 
strong spin orbital coupling appears to exist such that levels on a spherical 
shell model, which would otherwise be degenerate, are strongly split so that 
high angular momentum substates are greatly lowered in energy. This theory 
accounts for the great stabilities observed for numbers of neutrons or protons 
equal to 2, 8, 14, 20, 28, 50, 82, and 126, the so-called ‘‘magic numbers” 
(cf. later section on nuclear theory). 


THE TRANSURANIC ELEMENTS 


The first transuranic element was discovered by McMillan & Abelson at 
the University of California in 1940 (18); using the neutrons from the 60 
in. cyclotron, the investigators were able to show with the help of chemical 
work that a radioactivity of 2.3 day half life formed during the irradiation 
of uranium is due to the isotope Np**, which is the decay product of the 23- 
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min. U**°formed byirradiated neutron capture in U8, Because of the similar- 
ity in chemical properties of element 93 to uranium, the discoverers named 
it neptunium after Neptune, the planet immediately beyond Uranus, which 
had given its name to uranium. Another isotope of neptunium, Np”’, was 
discovered early in 1942 by the irradiation of uranium with fast neurons 
from the Berkeley cyclotron. This isotope is the decay product of the pre- 
viously known 7-day beta particle emitting U**’, which is formed as the 
result of a (m, 2”) reaction on U8 (19). 

The element neptunium in the form of pure compounds was first isolated 
by Magnusson & LaChapelle in 1944 at the Metallurgical Laboratory at 
the University of Chicago (20). This work was done by using the techniques 
of ultramicro chemistry and involved amounts of the order of micrograms 
formed largely by cyclotron bombardment. A few months later, this isotope 
began to become available as a byproduct from the piles. This afforded a sup- 
ply of a few milligrams which made possible the determination of many of 
the chemical properties of neptunium on a microchemical scale investigation. 
The following year larger amounts of several hundred milligrams were avail- 
able. 

The second and most important of the transuranics, plutonium, was first 
produced by Seaborg, McMillan, Wahl & Kennedy in 1940 (21) by the ir- 
radiation of uranium with deuterons from the Berkeley 60 in. cyclotron. 
This led to the production of Np**8, which decayed to the 100-year Pu, 
The name plutonium was suggested to follow the system used in the naming 
of uranium and neptiunum. During 1941 and early 1942, Pu®** was used to 
investigate the chemical properties of plutonium by the tracer method. A 
macroscopic quantity amounting to about 0.5 wg. of the new and important 
isotope Pu**® was produced and isolated with a small amount of rare earth 
carrier material in the same year. This sample was used to demonstrate the 
thermal fissionability of this isotope (22). 

Following the initial work at the University of California, investigations 
on plutonium spread to other laboratories, mainly the Metallurgical Labora- 
tory at the University of Chicago. In addition to the program of study by the 
tracer technique, there was an important period when the investigations 
were conducted with microgram amounts of Pu®** on the ultramicro chemical 
scale. As a direct result of this program, the first chemically pure plutonium 
was prepared by Cunningham & Werner in August, 1942 (23). This was fol- 
lowed by the preparation and identification of many compounds and the 
study of the basic chemistry and thermodynamic properties in solution. 
Later, as a result of the operation of the piles at Clinton and Hanford, suffi- 
cient plutonium became available to make it possible for a number of groups 
to investigate its chemical properties. A number of compounds of plutonium 
were prepared by reactions involving the solid and gaseous phases, that is, 
by dry chemical reactions on the ultramicro chemical scale. Zachariasen 
(29) at the University of Chicago identified these compounds by the x-ray 
technique. 

Americium, the element with atomic number 95, was first identified in 
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1944 by Seaborg, James & Morgan (24) by the irradiation of U** with alpha 
particles in the Berkeley cyclotron, which by (a, 7) reaction produced Pu*™ 
from which the 500-year isotope Am™! is formed as a daughter. The availa- 
bility of this isotope of americium made it possible to study the chemical 
properties on the tracer scale. The new element was isolated in the form of 
pure compounds in 1945 and 1946 by Cunningham. A great deal of work 
with microscopic amounts of americium has been done following its initial 
isolation, mainly by Cunningham and co-workers at the University of Cal- 
fornia, and by Fried at the Argonne National Laboratory. 

Curium, element 96, was first identified by Seaborg, James & Ghiorso 
by the irradiation of Pu®*® with alpha particles in the Berkeley 60 in. cyclotron 
(25). The chemical properties of this element were subsequently investigated 
on a tracer scale. Curium was isolated in pure form in the fall of 1947 by 
Werner & Perlman (26). The investigation of this element on a macro scale 
is exceedingly difficult owing to its intense alpha radioactivity, its life time 
being 150 days, about the same as polonium. 

Element 97, berklium, was reported in 1950 by Thompson & Seaborg 
(27) as the result of the irradiation of Am" by alpha particles in the Berkeley 
cyclotron. 

The most interesting general question in connection with the chemical 
properties of the transuranic elements concerns the possible existence of a 
second rare earth series in which the 5f shell would be filled in a manner some- 
what analogous to that in which the 4f shell is filled for the ordinary rare 
earths. The electronic structure of actinium is 6d7s? beyond the radon kernel 
in analogy to the 5d6s? structure for lanthanum. The possibility that the 
next electrons will proceed to fill the 5f shell has long been realized, and much 
discussion of it exists in the literature. The first good, definite evidence on the 
point was furnished by McMillan & Abelson (18). They showed that the 
element neptunium resembles uranium in its chemical properties and bears 
no resemblance to rhenium, the element immediately above it in the periodic 
table. This was interpreted to indicate that the 5f shell was indeed being 
occupied. The first tracer experiments with plutonium (28) led Seaborg & 
Wahl to make the suggestion that the new transition group might begin 
earlier with either thorium or actinium. Zachariasen, on the basis of his com- 
plete crystallographic evidence (29), believed with Goldschmidt that a 
“thoride’’ series was involved. The recent investigations on weighable 
amounts of neptunium, plutonium, americium, and curium together with 
further extensive investigations on thorium, protoactinium and uranium 
have contributed a great deal of evidence which bears on this question. 
Seaborg (30) feels that 


the evidence now available leads to the definite view that it is the 5f electron shell 
which is being filled in these heaviest elements. The evidence seems sufficient to go 
farther than this and suggests that this rare earth-like series begins with actinium in 
the same sense that the rare earth or “lanthanide” series begins with lanthanum. On 
this basis it might be termed the “‘actinide”’ series, and the first 5f electron might ap- 
pear, although not necessarily in thorium. 
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Table I gives the observed oxidation states of the lanthanide and ac- 
tinide elements. On the basis of an actinide series, the characteristic oxi- 
dation number is III, which shows up structurally in the stability of the 
lower oxidation states of increasing atomic number. For example, curium 
with a postulated seven 5f electron structure exhibits only the trivalent state, 


TABLE I 


OXIDATION STATES OF LANTHANIDE AND ACTINIDE ELEMENTS 


Atomic Number 57 58 59 60 61 62 63 64 5 





65 
Element La Ce Pr Nd Pm Sm Eu Gd Tb 
Oxidation States 2 2 
3 3 3 3 3 3 3 3 
4 4 (4) 4 
(5) 
Atomic Number 89 90 91 92 93 94 95 96 
Element Ac Th Pa U Np Pu Am Cm 
Oxidation States (2) 
3 (3) (3) 3 3 3 3 3 
4 (4) 4 4 4 (4) 
5 5 .§ 5 (5) 
6 6 6 








in analogy to gadolinium in the ordinary series, which does the same thing. 
The oxidation potentials (Table II) indicate that the 5f electrons are more 
easily removed than the 4f electrons, as should be expected on the basis of 
the predicted lower ionization potentials, provided the hydration and lattice 
energies are not such as to reverse the effect. Thus, the trivalent state of the 
one exists in aqueous solution and the four and three states of protoactinium 
are presumably unstable. In the case of the solid compounds, it has been 
possible to prepare the triiodide and sesquisulfide under rather severe 


TABLE I! 
SOME OXIDATION POTENTIALS OF THE ACTINIDES 
(Aqueous Solution, 1 M) 


Potential in Volts 
Element _——— 








III-IV IV-VI 
92-U +0.63 ~0.33 
93-Np —0.14 ~0.94 
94-Pu —0.95 ~1.0 


95-Am 
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reducing conditions, and it seems likely that tetra- and trivalent compounds 
of protoactinium will be prepared. From the behavior of uranium, neptunium 
and plutonium, it must be deduced that as many as three of the 5f electrons 
are given up fairly readily but with increasing difficulty as the atomic number 
increases. 

It is interesting to note that in the case of the lanthanide elements there 
are not only several instances of divalent oxidation states, but also in the 
gaseous atoms there are generally only two electrons beyond the xenon struc- 
ture, although the persistent oxidation state is certainly the trivalent state. 
Americium might possess an oxidation state of II, in a manner analogous to 
the divalent state of europium, the element immediately preceding gadolin- 
ium with its seven 4f electrons. Thompson and co-workers (31) have made 
partial separation of americium (presumably as Am II) from curium in 
tracer amounts in aqueous solution by using sodium amalgam and carrying 
americium selectively with divalent samarium sulfate and by using barium 
as reducing agent and carrying americium selectively with barium chloride 
from concentrated hydrochloric acid solution. All of the evidence on curium 
from both tracer and macroscopic techniques indicates that it exists ex- 
clusively in the trivalent state. The metals of the elements thorium to ameri- 
cium inclusively bear a striking resemblance to the metals of the rare earth 
elements. They are all highly electropositive and to about the same degree. 
Their densities exhibit a remarkable resemblance to the rare earths. Both 
americium and europium have densities much lower than their neighboring 
elements. They seem to have radium-like or barium-like structure with about 
normally high radii. Comparison with tungsten, rhenium, osmium, and iridi- 
um shows no such analogy. Investigation of the absorption spectra of the 
transuranic elements in aqueous solution and in solid crystals has revealed 
the existence of sharp absorption bands in the visible spectrum. This is a 
characteristic property of elements in the lanthanide series and furnishes 
some further evidence for the 5f theory. 

The observations of Zachariasen (29) on the x-ray crystal structure of the 
transuranic compounds, and in particular the isomorphism of the compounds 
ThO2s, PaOz, UOx, NpOs, PuOs, and AmOz, together with his observation on 
the regular decrease in radius of the metallic ion in these oxides, has been 
interpreted by him to be excellent evidence for the 5f idea, though he inter- 
prets the series as being a ‘‘thoride’”’ series, i.e., that the first 5f electron ap- 
pears in protoactinium. His studies of the halides have revealed that practi- 
cally all of the halide types have isomorphous structures, for example, all 
members of the group ThF4, UFs, NpF4, PuF, are of identical structural type, 
while all members of the group UF;, NpFs3, PuF3, AmF; are also isomorphous 
with each other. Zachariasen has used these structural data to calculate 
ionic radii (Table III), and these radii show a progressive decrease in size 
with increasing atomic number in a manner analogous to the well known 
“lanthanide contraction” observed with the rare earths, compounds of which 
are isomorphous with the corresponding compounds of the transuranic 
elements. 
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TABLE III 


Ionic RapII OF ACTINIDE AND LANTHANIDE ELEMENTS 











No. of Actinide Series 








4f or 5f — Lanthanide Series 
Electrons III State IV State 

0 Act 1.11 AU. Th*4 0.95 Al Lat 1.04 A.U 

1 (Th**) (1.08) Pat4 0.91 Cet 1.02 

2 (Pa*) (1.06) U*4 0.89 Pr*3 1.00 

3 U* 1.04 Npt 0.88 Nd*3 0.99 

4 Np* 1.02 Put 0.86 Pm*s (0.98) 

5 Pu*3 1.01 Am** 0.85 Sm*3 0.97 

6 Am*3 1.00 Eu*3 0.97 





Table IV presents the suggested electron configurations for the trans- 
uranics. Investigations of both the spectroscopic and magnetic properties 
of the compounds of the transuranics seem to bear out, as the chemical evi- 
dence described has done, something like the configurations shown in this 
table. 


TABLE IV 


SUGGESTED ELECTRON CONFIGURATIONS (BEYOND RADON AND XENON) FOR 
GaseEous ATOMS OF ACTINIDE AND LANTHANIDE ELEMENTS 





89-Ac 6d7s? 57-La 5d6s? 





90-Th 6d?7s? 58-Ce 4f6s? 
(or 5f6d7s?) 

91-Pa 5f6d7s? 59-Pr 4f*6s? 
(or 5f6d?75s?) 

92-U 5f*6d7s? 60-Nd 4f*6s? 

93-Np 5f*7s? 61-Pm 4f°6s? 
(or 5f*6d7s?) 

94-Pu 5f°7s? 62-Sm 4f°6s? 
(or 5f°6d7s?) 

95-Am 5f*7s? 63-Eu 4f'6s? 

96-Cm 5f'6d7s? 64-Gd 4f?5d6s? 


To summarize, the transuranic elements and uranium and thorium all 
have similar precipitation properties when in the same oxidation state. They 
differ principally in ease of formation and in the existence of various states. 
It does seem evident that this new rare earth series differs from the familiar 
rare earth series in that the resemblance of successive elements is less than 
for the lanthanide series. The lanthanide elements are for the most part 
separable only with great difficulty, whereas the elements from 89 to 95 
are separable by oxidation reduction processes. The difficulties of working 
with substances of half lives as short as Cu? (150 days) and Po?!” (140 
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days) are great, and it is fair to say that the whole group of transuranic ele- 
ments presents very serious radiochemical problems both in their production 
and investigation, and these researches as a body constitute one of the most 
remarkable contributions to radiochemistry in the last 30 years. 


TECHNETIUM (ELEMENT 43) 


This element, previously reported as occurring in nature on the basis of 
a faint x-ray line observed in a concentrated rhenium sample, has over a 
dozen radioactive isotopes which have been discovered since the earlier 
work by Noddack, Tacke & Berg (69). The earlier work had not been verified 
and the element had not been concentrated when the first of the radioactive 
isotopes was discovered by Perrier & Segré (32) in an old molybdenum 
deflector plate from the Berkeley 37 in. cyclotron. These were long lived K 
capture activities produced through (d, m) reactions by the deuteron beam. 
The discoverers of this first of the radioactive isotopes have recently offered 
the name Technetium, symbol Tc, derived from the Greek word meaning 
“artificial.’’ At this time 21 activities have been reported for technetium 
isotopes, some of them isomeric, and most are well established. The longest 
life time is nearly a million years. This belongs to the lower isomeric state of 
Tc*’. Its chemical properties have been investigated at macro concentrations 
and found to agree with the earlier tracer results of Perrier & Segré. The 
pertechnetate ion TcO,~ is pink. The sulphide Tc2S; is dark brown and 
highly insoluble. Metallic technetium has been found by x-ray diffraction to 
be in the hexagonal close-packed arrangement, isomorphous with rhenium, 
density 11.5 gm. per cc. (33, 34, 35). 

The great number of technetium radioactivities now known has led a 
number of people to suggest that there are no stable isotopes of this element 
in nature. This may well be so, but it would seem that a careful search in 
appropriate ores using the radioactive isotopes of the element as tracers and 
guides in the separation techniques should be made, since such a procedure 
would in each instance set an experimental upper limit for the content of 
the ore. This remark applies of course to the other missing elements as well. 


PROMETHEUM (ELEMENT 61) 


This element (the name illinium was suggested for it) was reported earlier 
by Hopkins and co-workers as occurring in certain rare earth fractions. The 
situation is analogous to that existing in the case of technetium in that some 
eight radioactive isotopes have been discovered in the last few years, the 
first of which was found in 1941 by workers at Ohio State University, includ- 
ing Law et al. (36). The most careful and exhaustive work on the problem was 
done at Oak Ridge by Coryell, Marinsky & Glendenin on the fission products, 
of which Pm" is one They used ion exchange resin adsorpion and elution 
techniques. These procedures have finally resulted in the production of visible 
amounts of Pm"™? (37). These later workers proposed the name prometheum 
for the element, symbol Pm. The chemical properties of this element of course 
are exactly as expected for the missing rare earth it represents. 








102 LIBBY 


ASTATINE (ELEMENT 85) 


Ten radioactive isotopes of element 85 appear to have been discovered. 
The first of these, At *", was found by Corson, Mackenzie & Segré by the 
(a, 2m) reaction on Bi®®® using 30 million volt alpha particles from the 
Berkeley 60 in. cyclotron (38). This activity has a half life of 7.5 years. 
It is an alpha emitter as well as a K capturer, the branching ratio being 2:3. 
All of the isotopes of this element are short lived, the longest being the 8.3 
hr. At®!°, This means, of course, that the chemical properties must be deter- 
mined on the tracer scale. Such studies have shown that the element is in- 
deed ‘‘eka-iodine.’’ The element is quite volatile and has a special affinity 
for metallic silver surfaces even at 325°C. It can exist as a free element in 
aqueous solution (from which it is readily extracted into benzene or carbon 
tetrachloride, very much like iodine) unless the solutions are alkaline. It 
may be reduced by sulfur dioxide or by zinc, but not by the ferrous ion, 
presumably to the —1 oxidation state. In this form, it may be coprecipitated 
with silver iodide or thallous iodide from either acidic or basic solutions. 
It is oxidized rapidly by bromine, slowly in cold concentrated nitric acid, 
and to some extent by the ferric ion. This oxidized state is shown by migra- 
tion experiments to be an anion. 


FRANCIUM (ELEMENT 87) 


The first isotope of this element was discovered in 1939 by Perey (39) 
as a result of alpha emission from ordinary Ac’, It appears that Ac?” emits 
alpha particles about 1 per cent of the time to form the ‘‘eka-cesium” 
isotope Fa? of 21 min. half life. This isotope decays by beta emission to the 
radioactive isotope AcX. Four other radioactivities have been attributed to 
this element since, all of which are short lived. Very little is known about the 
chemical properties of francium, though what little is known indicates that 
they are about as expected from its position in the periodic table; for example, 
it is carried along with CsClO,or Cs2PtCl, and also by the analogous rubid- 
ium salts. The potassium and sodium salts do not carry francium effectively, 
presumably because of differences in ionic size (39 to 42). 


FIssION PRODUCTS 

The intensive investigation of the fission process initiated by its discovery 
by Hahn (1) and the development of the chain reacting piles has resulted 
in an extensive literature on the subject (43, 44). One of the most striking 
characteristics of the phenomenon is the shape of the fission yield curve, i.e., 
the fractions of the fissions which yield specified products. For thermal 
neutrons or U?* the most probable products have masses of 94 and 139 at 
yields of about 6.5 per cent, whereas the lightest weight fission product 
found is of mass 72 and the heaviest of mass 158. Symmetrical fission repre- 
sented by mass 117 occurs to only 0.01 per cent. It has been shown, however, 
that higher energy neutrons in this and other cases of fission tend to yield 
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a symmetrical curve with no minimum and a single maximum. It appears 
therefore, that symmetrical fission is probable when plenty of energy is avail- 
able and that asymmetric fission results at the lowest energies. Another re- 
markable characteristic of fission is that it has been found to occur spon- 
taneously without excitation by neutron absorption. A third extraordinary 
fact is that neutrons are emitted in the fission process. This has been men- 
tioned previously in connection with the phenomenon of delayed neutron 
emitters. These substances are produced by the beta decay of the fission 
products, and when they reach the vicinity of the ‘‘magic numbers’’ neutrons 
are emitted rather than further beta decay occurring in the course of re- 
establishing the stablest neutron-proton ratio. The general energetics of the 
fission processes are connected with the mass defects of the atomic nuclei, 
the excessive number of neutrons in the heavier nuclei lending a certain 
instability which is regained in the fission process. It could perhaps be better 
said that the electrical repulsion between protons is the basic cause, that this 
forces a high neutron-proton ratio on the thorium and uranium isotopes, and 
that fission followed by beta decay restores this more nearly to the stablest 
figure of unity exhibited by the lighter nuclei. 

Most of the energy released in the fission act appears as kinetic energy of 
the recoiling fission products, but between 10 and 15 per cent is released 
in the radioactive transformations of the fission products themselves. The 
possibility of the chain reacting pile arises entirely from two features of the 
fission process: first, the emission of neutrons in the fission act so that repeti- 
tion of the reaction and the development of a chain becomes possible, and 
second, the existence of delayed neutron emitters so that time is allowed for 
the physical movement of control rods or other regulating devices. 

Two radiochemical features of great interest have appeared in this work. 
The first of these are the ingenious and extraordinarily effective methods of 
separation of the fission products that have been developed, and the second 
is the hot laboratory technique for handling hundreds and even tens of 
thousands of curies of penetrating radioactivities. Among the most efficient 
of the separation procedures developed is that of the ion exchange column 
(37, 45 to 58). It lends itself to remote control operation necessary for hot 
laboratory techniques; it is reproducible in action and relatively simple of 
control. It seems likely with further understanding of the principles of resin 
manufacture that the procedure can be made even more efficient. 

The hot laboratory techniques are most ingenious in arranging the ordi- 
nary laboratory and industrial chemical manipulations so that the operator 
can either work from a great distance or behind thick shielding. The usual 
procedure is the latter, though certain high level operations have been con- 
ducted with the combination of shielding and distance. Two obvious require- 
ments are: (a) good optics for watching the operation by means of mirrors, 
telescopes, and lights, and (6) mechanical devices with many degrees of 
freedom arranged so the various movements and operations at the hot site 
are directly correlated with normal movements on the part of the control 
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operator at the low level shielded site. Considerable ingenuity has been ex- 
pended in the invention of such devices, and further improvements are not 
unlikely (59). 

The architectural problem of designing a laboratory for high level radio- 
chemical work is rather unique, and the various laboratories at the Atomic 
Energy Commission sites and the Harwell, England, site are worthy of 
study by anyone intending to do the radiochemical work with penetrating 
y-ray emitters at levels above 5 c. The outstanding features of these buildings 
are cleanliness and the devotion of an entire floor of the building to duct work 
for the enormous hood drafts desired (60). 

It is regrettable that to date no serious use of fission products has been 
discovered; that is, no use that is commensurate with the enormous quantities 
available. Some thought has been devoted to this, but with few positive 
results to date. It would seem that if applications exist, they will have to 
be found in industrial operations, for it is difficult to imagine any research 
uses requiring quantities of radioactivity as large as those produced in the 
plutonium production facilities. A characteristic feature, of course, is that 
they cannot be stored for the reason that they decay, so any uses envisaged 
will require either facilities near the chemical processing plants producing 
plutonium or extraordinary shipment facilities. 


NUCLEAR THEORY 


The last ten years have been singularly fruitless from a nuclear theoreti- 
cal point of view. It appears that the only major theoretical advance in this 
field has been the work of Goeppert-Mayer and others (15, 16, 17, 61) on 
the so-called ‘‘magic numbers.’’ These numbers, 2, 8, 14, 20, 28, 50, 82, and 
126, were first recognized empirically (15, 16) as being associated with par- 
ticularly stable nuclear structures whenever they applied to either the num- 
ber of neutrons or protons present. Later, they were deduced theoretically 
(17, 61) from the following model: 

Considering even-odd nuclei, it was postulated that the average field due 
to all the nucleons except the one being considered could be represented as 
being either force-free inside the spherical nucleus with a very large force 
operating at the boundary surface (the so-called spherical box models) 
or that the force was proportional to the distance from the center of the nu- 
cleus that the nucleon found itself (the three dimensional isotropic har- 
monic oscillator). Taking the first model, one finds the solutions given by 
Margenau (62). The order of the levels for any particular size sphere is 1s, 
1p, 1d, 2s, 1f, 2p, 1g, 2d, 3s, 1h, 2f, 3p, 17, 2g, 3d, and 4s. On this basis, then, 
one would expect that the filling of the 1s level with two neutrons and two 
protons to give He* would make a particularly stable structure. Then the 1p 
to give 1571p* for both neutrons and protons would give O"*, another particu- 
larly stable structure. The next level, 1d requiring 10 particles, would indi- 
cate that the next stable structure should be 18 neutrons and/or protons, 
whereas the facts seem to indicate that 14 is indeed actually the next stable 
structure. Similarly, the filling of the 2s shell brings the magic number 20; 
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then the next shell, 1f, would give 34 as the next stable number, whereas 
again the facts seem to indicate 28. This experience continues throughout the 
periodic table. One finds certain of the numbers predicted by the particle 
in the spherical box model agreeing with facts, but certain other numbers 
which appear apparently being missed. It was this difficulty which was 
resolved. 

The individual nucleons possess spin angular momentum, and it was 
postulated that this spin angular momentum interacts strongly with the 
orbital angular momentum in any given state, such as the 1p, where the 
orbital angular momentum is one unit. It was further postulated that the 
splitting of the levels brought about by the interaction was such that the 
levels with the larger total angular momentum (orbital plus spin) were 
energetically preferred. Considering the 1d state, one observes that six of the 
ten particles required to fill the state will now lie in a level essentially lower 
than that in which the remaining four lie. This splitting now enables us to 
add these six toeight from the 1s and 1p levels to give us new magic number 
14. Further, considering the 1f state, it now splits into two groups of eight and 
six particles, and the eight particles can now be combined with the filled 
ls, 1p, 1d, 2s to give the next magic number, 28. The magic number 50 arises 
from the splitting of the 1g level into two groups of ten and eight, the ten 
having the higher angular momentum of nine halves and lying lower, and 
the eight having the lower angular momentum of seven halves and lying 
higher. Taking the sub-group of 10, one adds it to the filled 1s, 1p, 1d, 2s, If, 
and 2p to obtain the next magic number, 50. Continuing in this way one 
finds the remaining two magic numbers, 82 and 126. Since the enunciation 
of this principle, a great deal of additional experimental evidence has been 
accumulated to bolster the theory, and it is now widely accepted as a demon- 
strated phenomenon. The theory has had considerable success not only in 
explaining the variation in the binding energy of the neutron in the vicinity 
of a magic number, it being particularly large at a magic number and lower 
on either side of it, but has in most cases given correct nuclear spins and 
magnetic moments of the right order of magnitude. The analogous theory 
for odd-odd nuclei has not yet been developed. Furthermore, a simple and 
completely satisfactory explanation of the origin of the very strong spin 
orbital coupling has not been given. 

One can see how the splitting of the levels will make the density of the 
levels vary throughout the periodic table, and assuming that the condition 
for nuclear isomers is close lying levels with large differences in angular mo- 
mentum, a remarkable correlation is found between the predicted and ob- 
served positions in the periodic table where nuclear isomers occur. Remarks 
have also been made which seem very cogent about the delayed neutron 
emitters, the explanation being that they occur for those nuclei where the 
neutrons have particularly low binding energies, that is, immediately above 
a magic number. It is suggestive also that the two peaks in the thermal 
fission yield curve occur in the vicinity of the magic numbers 50 and 82 
neutrons. 
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ISOTOPE SEPARATIONS 


The separation of the uranium isotope 235 accomplished during the war 
under the Manhattan District was certainly one of the most remarkable 
developments in the entire project. Prior to this time, Urey and co-workers 
had separated the carbon, nitrogen, and sulfur isotopes on a laboratory scale 
and in such quantities as to be useful for tracer problems, but on nothing 
like the scale with which deuterium had been separated up to that time. The 
primary objective of the uranium isotope effort was to produce this material 
in quantities comparable to those with which deuterium had been separated, 
that is, hundreds of pounds. It being an established principle of isotopic sep- 
aration that the controlling factor is likely to be the percentage difference in 
masses of the two isotopes, it was clear from the outset that this was indeed 
a very difficult task. As is well known (63), this was accomplished by the use 
of the principle of gaseous UF, diffusion through porous membranes, the 
acceleration and magnetic separation of beams of uranium ions in enormous 
mass spectrographs, and the use of the Clusius-Diickel thermal diffusion 
separation technique on liquid UFs. The research for the first project was 
done at Columbia University under the direction of Urey, for the second at 
the University of California under Lawrence, and the third at the Naval 
Research Laboratory under Abelson. The development and engineering 
work for the first project was carried on by the Kellex Corporation under 
Keith, for the second by the Tennessee Eastman Company, and for the 
thermal diffusion process by the H. K. Ferguson Company. 

After the war effort was over, the use of the electromagnetic and thermal 
diffusion plants was discontinued and the gaseous diffusion plant expanded. 
Little has been published of the details of these operations, so it is not pos- 
sible to discuss them at any length except to note that the diffusion plant 
is one of the world’s largest industrial installations, from the point of view 
of both sheer size and complexity. The electromagnetic plant Y12 has con- 
tinued to operate for the separation of stable isotopes in other parts of the 
periodic table, and both the diffusion and electromagnetic plants are now 
operated by the Carbide and Carbon Corporation, the original operator of 
the gaseous diffusion plant. Some of the immediate benefits of these large 
scale efforts have been a considerable increase in our knowledge of and the 
availability of the fluorocarbons, and certain applications of mass spec- 
trometry such as the helium leak tester. 


TRACER APPLICATIONS AND THE ISOTOPES DIVISION 


Probably the most important peace time application of atomic energy 
to date has been the production of a large number of radioactive and stable 
isotopes for research and development purposes so cheaply and in such large 
quantities as to satisfy all normal research needs. It seems likely that in the 
not too distant future the production will be sufficient for many large scale 
industrial uses. So much work has been done in biology and medicine (64), 
chemistry and physics (3), and industry that it would be futile in so brief 
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a review to discuss them in any detail. The biological applications fall into 
three general classes—research in the biochemical metabolic processes, 
diagnostic applications such as the determination of pathological conditions 
in the thyroid by the rate of assimilation of radio iodine, and the measure- 
ment of blood volumes by the isotope dilution technique—and therapeutic 
uses of phosphorus and iodine in the treatment of certain diseases. In pure 
chemistry, the principal applications have been in the elucidation of the 
mechanism of chemical reactions. In physics, the greatest use has been in 
the determination of the properties of the individual nuclei, for example, the 
half lives and radiation characteristics of particular radioactivities associated 
with an element and subject to some question as to isotopic assignment and 
nuclear spins, etc. In industry, numerous applications have been made such 
as the measurement of the rate of wear of piston rings in the standard engine 
test (California Research Corporation) and the measurement of thicknesses 
of sheets of material in continuous processes such as paper manufacturing by 
the use of beta radiation and the observation of the absorption by the sheet 
of material. 

Probably the most important of the radioactive isotopes furnished by the 
Isotopes Division of the Atomic Energy Commission has proven to be radio- 
carbon because of the extremely fundamental role carbon chemistry plays 
in biology, medicine, and chemistry. A considerable program of synthesizing 
specific organic molecules with radiocarbon in known positions was insti- 
tuted at Oak Ridge and Berkeley and has since been taken up by industrial 
firms, so that it is now possible to purchase a considerable variety of elemen- 
tary molecules with radiocarbon in known positions. Many of the molecules 
of interest to the biochemist are impossible to synthesize in the laboratory. 
For these the Commission has established a biosynthesis farm at the Argonne 
National Laboratory for the purpose of growing both plants and animals in 
a radioactive environment in such a way as to balance the economy so that 
the waste products of the plants and animals feed one another and conserve 
radiocarbon. Other laboratories have been interested in biosynthesis on a 
smaller scale, but the Argonne effort is the only one of its magnitude in the 
world. It is to be hoped that within a short time a large number of important 
biochemicals can be taken from this isotope farm by harvesting appropriate 
plants or animal tissues and separating the desired chemicals from them. 
The Isotopes Division at Oak Ridge has already allocated over 50 mc. of the 
algae scenedesmus at a specific radioactivity of nearly 1 per cent radiocarbon 
in the carbon element in the plant. It is to be expected that a number of inci- 
dental benefits will result from this effort, such as observations on the toler- 
ances of various plants and animals for radiocarbon radiation. This informa- 
tion should be of real value in radiobiology. It seems not unlikely also that 
certain genetic effects may be observed. The chief difficulty in the utiliza- 
tion of the biosynthesized chemicals is that they are grown in such a way 
that every carbon atom in the molecule has an equal chance of being labeled; 
in other words, placement labeling by biosynthesis seems to be quite imprac- 
tical. This means that certain details in the metabolism of important sub- 
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stances such as insulin or digitoxin will not be discoverable by this technique. 
At the same time, however, a great deal of information procurable in no 
other fashion, or if procurable in some other way much more easily obtained 
in this way, will be made available. 

It has also been found (11 to 14) that the cosmic rays produce radiocar- 
bon in the atmosphere at an altitude of several miles. This presumably 
is converted more or less immediately into carbon dioxide so that the plants 
which live on atmospheric carbon dioxide must necessarily become radioac- 
tive, and the animals living on plants must also become radioactive, with a 
net consequence that all living matter is made radioactive with radiocarbon. 
It has been found further that the radiocarbon content decreases in organic 
material after its removal from the life cycle by death in a way which appears 
to follow the decay curve determined in the laboratory on synthetic radio- 
carbon. This has been done by taking samples of wood and charcoal from 
ancient sites of historically known age and comparing their specific radioac- 
tivity with the present day world wide average value. This new method of 
determination of the ages of ancient artifacts is being applied to the prehis- 
toric periods, even though no checks against samples of known age are possi- 
ble. It is hoped that a consistency in the results for these ancient times will 
validate the application of the method to these periods. 


MISCELLANEOUS 


The growth in interest in radiochemistry has been so great that the 
volume of the research reports is beyond even brief description in a short 
review. The points made above have appeared to be sufficiently outstanding 
to warrant special consideration. Certain other developments probably 
should be mentioned briefly. Among these are the following: 

A considerable number of new isotopes have been produced by the use 
of the new high energy accelerators at Berkeley, Urbana, and Schenectady. 
Many of these isotopes have been on the neutron deficient side of the sta- 
bility line, so that K capture, positron emission, and alpha radioactivity in 
contrast to the negative beta emission observed for the fission products is 
the rule. It has further been observed that the high energy proton, deuteron, 
and alpha particle beams are capable of ejecting considerable numbers of 
neutrons and protons and of producing radioactive isotopes of much lower 
atomic weight than the target material. The Berkeley cyclotron and syn- 
chrotron have been successful in producing mesons (4, 5). There has been 
little application of radiochemistry to this work to date, but the results are 
of such obvious fundamental importance that they should be mentioned. 
In addition, fission has been produced in the elements bismuth and lead by 
bombardment with 190 million volt neutrons (65). 

Another development of considerable interest is the macroscopic produc- 
tion of tritium, the radioactive hydrogen isotope, and the isolation in essen- 
tially pure form of its stable daughter He*. He?® has also been isolated from 
atmospheric helium. Intensive efforts have been made to elucidate the cryo- 
genic properties of liquid He® in an attempt to understand the nature of the 
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extraordinary transition in ordinary helium to form the magic He II phase. 
It seems to have been shown that He’ does not exhibit a similar transition 
and that, therefore, the transition is probably associated with the nuclear 
spin, the Bose-Einstein type of condensation being possible with the ordi- 
nary isotope. Very little work has been published on the properties of pure 
tritium. It is available from the Atomic Energy Commission Isotopes Divi- 
sion in limited quantities. As a tracer it is a very remarkable isotope in that 
its cost is but a few cents per mc., which means that it can be used as a cheap 
substitute for radiocarbon in cases where the carbon-hydrogen bonds in the 
molecules are not likely to be ruptured. For example, it is possible to experi- 
ment with dilution factors of 10" or 10" using this technique. 

In the field of natural radioactivity among the considerable number of 
new data are a new measurement of the half life of radium (66), the alpha 
branching in radium E (67), and the discovery of a new naturally radioac- 
tive element in rhenium (68). 

Among subjects omitted are the host of detailed data on nuclear energy 
level structure, spins, magnetic moments, and reaction cross sections, inter- 
esting developments in the field of hot atom chemistry, new laboratory tech- 
niques such as the paper chromatography procedure and the development of 
the radioautographic method for low energy beta particles, the whole ques- 
tion of instruments and laboratory apparatus in radiochemistry (some 64 
companies are now in the business of selling scalers, counters, and radio- 
chemical services), statistics on the number of people now interested in radio- 
chemistry, questions of health protection in the laboratory, and a host of 
other pertinent and perhaps less essential facts. 
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RADIATION CHEMISTRY?” 


By MILtTon BuRTON 


Department of Chemistry, University of Notre Dame, 
Notre Dame, Indiana 


INTRODUCTION 


Radiation chemistry embraces the chemical effects of all ionizing radi- 
ations including high-energy particles. Practically, studies have been limited 
to those radiations which occur or can be produced in sufficient intensity to 
give a sensible chemical effect. Thus, mesons are not investigated because 
their number is too small and neutrinos are neglected because they have no 
perceptible effect. The significant particles and radiations we presently con- 
sider include alpha and beta particles, gamma radiation, fast neutrons, 
fission, and other atom recoils as well as x-rays, accelerated helium nuclei, 
deuterons, protons, and electrons. The arrangement just given emphasizes 
the radiations (or particles) according to their natural or artificial occurrence. 
A more convenient arrangement from the theoretical point of view would 
be according to density of ionization and excitation in their ion tracks. It is 
this particular aspect of the properties of radiations which we emphasize 
later in this review in discussion of the radiolysis of water. 


PRINCIPALLY PHySICS 


Primary effects of charged particles3—When a y- or an x-ray interacts 
with a molecule, the most common phenomenon is the ejection of a Compton 
electron. For rays of energy above 100 e. kv., less than 3 per cent of the 
ejected electrons are photoelectrons (possessing practically the same energy 
as the absorbed ray) and the mean energy of all the ejected electrons is 
slightly above 15 e. kv. For 1 Mev. rays, all the ejected particles are Comp- 
ton electrons and their mean energy approximates 440 e. kv. In the process 
of its deceleration to usual room temperature (about 0.02 e.v.) the electron 
excites or ionizes many of the molecules near which it passes. For very 
roughly each 30 e.v. of energy expended (by both primary radiation and 
secondary electrons) one ion-pair is produced. Again, very roughly, only 15 
e.v. is required to ionize a molecule. Approximately 15 e.v. of the 30 e.v. 
expended is left over for production of electronically excited molecules of 
which there will be two or three per ion-pair depending on the height of the 
first electronically excited state. Thus, in its deceleration to room temperature 
a 440 kv. electron will produce about 15,000 ion pairs and about two or three 


1 This review covers approximately the period from January, 1948 to December, 
1949. 

2 A contribution from the Radiation Chemistry Project of the University of Notre 
Dame operated under contract AT(11-1)-38 with the Atomic Energy Commission. 

3 For a useful review of the details of the primary physical effects of radiations, the 
reader is referred to Chapter I and the Appendix of the excellent text of Lea (1). 
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times as many excited molecules. Evidently, the single molecule primarily 
affected by the x-ray makes an imperceptible contribution to the over-all 
observed chemical phenomena. It follows that most of the important fea- 
tures of the effect of y- or x-rays on matter can be learned by study of effects 
of an electron beam or of §-rays. 

The major difference between the effects of high-energy electrons and of 
high-energy heavy ions on matter results from their difference in velocity. 
Neglecting relativity effects, a high voltage electron travels about 42 times 
as fast as a proton, or 84 times as fast as an alpha particle, of equal energy. 
These velocities affect the probability of interaction of the charged particle 
and the molecules of matter which it traverses. For example, Lea (1) indi- 
cated that in wet biological tissue of density 1 gm. per cc. (including the 
effects of secondaries) a 450 kv. electron will yield only about 2 ionizations 
per micron of path while a 1 Mv. alpha yields about 5,200 ionizations per 
micron and even a 10 Mv. alpha yields about 700. 

Secondary particles—In the process of ionization by charged particles 
passing through matter, secondary electrons called 6-rays are ejected. The 
great majority of such secondaries are believed to have an energy between 
zero and a few volts and can produce no further ionization. Nevertheless, the 
high-energy 6-rays make a very important contribution. According to the 
old literature reviewed by Rutherford, Chadwick &Ellis (2), in the track of 
a 1,000 volt alpha the ratio of total ionization to primary ionization is of the 
order of 4. Lea’s data indicate that the ratio of ionization by 6-rays of energy 
exceeding 100 e.v. to ionization by primaries is about 0.92 for 384 kv. elec- 
trons, 1.3 Mv. protons and 5 Mv. alphas (1). The ratio increases with increase 
of energy of the incident particle. Since the secondary has a relatively low 
velocity, the ionization and excitation density will be very much higher in 
its path than in the path of the primary particle. An electron of 544 e.v. 
energy has about the same velocity as a 1 Mv. proton or about a 4 Mv. 
alpha. On bombardment by 384 kv. electrons the number of 6-rays of energy 
less than 544 e.v. is about 98 per cent of the total having energy greater than 
100 e.v. The implications of these statements for radiation chemistry become 
somewhat apparent in the section on pure liquid water. In that case, ioniza- 
tion density is certainly reflected in the nature and yield of product. The 
radiobiologists are particularly aware of this fact (1). Nevertheless, the 
theory is in a far from satisfactory state. No examination of the structure of 
the ionization column and its immediate surroundings adequate for the 
purposes of radiation chemistry has yet been presented. 

Wigner effect—Fast neutrons operate by impact on the atomic nucleus. 
The fraction of kinetic energy of the neutron transferred per impact is given 
on the average by the relation AE/E=2A/(A+1)? where E is the kinetic 
energy of the neutron and A is the mass-number of the knocked-on nucleus. 
This effect was predicted by Wigner in November, 1942 (68) and was found 
by the Radiation Chemistry Section of the Manhattan Project to have con- 
siderable significance for the behavior of the solid state, even of elements, 
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under neutron bombardment [cf. Burton (3, 4)]. The knocked-on nuclei 
themselves may have considerable kinetic energy which they can transmit 
to other nuclei, thus producing an avalanche of secondary displacements. 
It follows that the Wigner effect can likewise be produced by accelerated 
protons, deuterons, and other massive ions. In the solid state, many of the 
knocked-on atoms remained permanently displaced from normal lattice 
points; the process has been called ‘‘discomposition.”’ Since the electrons of 
the knocked-on atom tend to be left behind the nucleus to which they are 
bound, phenomena associated with the Wigner effect are excitation and 
ionization. The amount of such excitation and ionization will depend on the 
energy and charge of the primary particle as well as the masses of the atomic 
nuclei involved and the excitation and ionization potentials of the associ- 
ated electrons. Energy expended in such excitation processes, as well as on 
the free electron gas in a metal, is not available to cause displacements. 
Seitz (5) has recently presented detailed calculations, some of the results of 
which are given in Table I, in which it is assumed as a reasonable approxi- 
mation that the activation energy for the primary displacement of an atom 


TABLE I 


PRIMARY DISPLACEMENTS PER INCIDENT PARTICLE IN SEVERAL SOLIDS 
BY VARIOUS RADIATIONS* 


Substance 5 Mev. a@ 20 Mev. p 2 Mev. a 
Beryllium 33 56 454 
Graphite 55 72 1,870 
Diamond 154 96 
Aluminium 59 79 6,030 
Silicon 49 81 
Germanium 59 87 


* From F. Seitz (5). 


from a normal lattice site to an interstitial position is about 25 e.v. for all 
the substances considered. The real magnitude of these effects can be appreci- 
ated only if one takes into account the depth of penetration of the incident 
particle. Noting that the depth is about 0.1 cm. in the materials listed for 
20 Mev. protons, Seitz, concludes that approximately 10 per cent of the 
atoms in such a layer would be displaced by 1 coulomb per sq. cm. of such 
protons—a quantity easily available with a cyclotron. The corresponding 
figures for 5 Mev. alpha particles are about 0.001 cm. penetration distance 
and 10" alpha particles per sq. cm. to displace 10 per cent of the atoms in 
that iayer. The necessary quantity can be obtained very readily with a cyclo- 
tron. A polonium source could also easily give the required number in the 
course of a year. 

The Wigner effect makes it possible to simulate the effect of high inten- 
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sity neutron bombardment on hydrogenous material (organic or aqueous) 
by primary bombardment with accelerated protons or deuterons. Evidently, 
for precise interpretation of the effects produced one should know the rela- 
tive amounts of energy transferred by impact to and via carbon (or other 
atoms present) as well as hydrogen in neutron bombardment of such material. 
So far as this author is informed, no such calculations have been published. 

Energy per ion-pair.—In the section on primary physical effects of charged 
particles, we have taken the rough value of 30 e.v. as the.amount of energy 
expended per ion-pair produced. The figure to be used is variously given. 
The value customarily given for air is 32.4 e.v. per ion-pair for electrons and 
x- and @-rays and 35 e.v. per ion-pair for a-rays, protons, and neutrons. 
However, better reasons exist for use of a “rough value’ for energy per ion- 
pair. Measured values (2) of mean total relative ionization relative to air 
as a standard vary from 0.9 for ammonia to 1.35 for normal pentane. Thus 
the energy per ion-pair is about 36.6 e.v. for ammonia and 26 e.v. for pentane. 
In gaseous organic systems certainly a value less than 30 e.v. should be used. 

The amount of energy required per ionization in any liquid is not known. 
No adequate experimental work has been done and the theroy of the ioniza- 
tion potential in liquids is still unsatisfactory. Generally, we may go along 
with the point of view of Franck (67) that the ionization potential in a liquid 
is less than that in a gas because of the factor of dielectric constant. In a com- 
plete analysis of the mechanism of a radiation chemical reaction, however, 
more quantitative information is required. Relative molecular ionization does 
not run quite parallel to relative stopping power [cf. Gibson & Eyring (6), 
Burton (7)]. At present, even the effect of state on relative stopping power 
is not well established, although there are indications, contrary to theory, 
that relative stopping power in liquids is greater than that in gases. 

Other physical effects —The number of physical phenomena ensuant on 
absorption of radiation is much greater and more complicated than can be 
conveniently classified in this section. Platzman has given a chart [cf. Burton 
(3)], recently, somewhat simplified by Wildschut (8), which shows the wide 
range of effects and their interrelation. Some of the phenomena, such as 
Cerenkov radiation, are of great no import for radiation chemistry. In 
general, however, they all play a significant role in the ultimate effects they 
produce or in the information they reveal regarding the nature of the primary 
chemical effects and the events immediately precedent thereto. 


PRIMARY CHEMICAL PHENOMENA 


The present point of view in regard to the primary chemical phenomena 
of radiation chemistry is based on the theory of Eyring, Hirschfelder & 
Taylor (9). An indication of the state of the subject is given in papers by 
Burton (3, 4), ina symposium of 1947 headed by Lind and a number of active 
workers in the field (10), and in factual reviews by Allen (11) and Wildschut 
(8). As already indicated, approximately half the absorbed energy is con- 
sumed in ionization processes and half in excitation processes. Lea (1) 
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states that the latter probably make a negligible contribution in biological 

systems. We shall refer later to the significance of that statement. For the 

present, we make the comment that molecules excited (without ionization) 

by high-energy radiation behave as we might expect from our knowledge of 

photochemistry and make the anticipated contribution to the overall chemi- 

cal effect. 

The ionization process is represented schematically by the equation 

Amar Atte. I 


The fate of the electron depends on the nature of the system. One important 
possibility of most frequent occurrence is 


At+e—A* II 
and the excited molecule A* reacts, as we know from photochemistry, 
according to one of the schemes which may be represented by 

radicals by bond breakage III 
” 
A* 
“ . r 
ultimate molecules by rearrangement. IV 
Another possible fate of the electron is represented by 

M+e-M V 
where M may be identical with A. The fate of M-, if it can be formed, de- 
pends on its own stability and the various potential energy relationships 
within the whole system. Various alteraatives, which include the possibility 
that the reaction is occurring in solution, are represented by the equations 


M~— dissociation into R+X- VI 
M~-+solvent—characteristic reaction VII 
A*++M~—characteristic reaction. Vill 


In the last few years, increasingly careful attention has been addressed 
to the details of each of these steps. Steps VII and VIII are specially perti- 
nent in this review to liquid aqueous systems. Their consideration is essen- 
tially included in that section. 

The initial ionization process and subsequent reactions of the tons produced. 
—In the section on physics we have considered step I in a qualitative fashion. 
The theoretical problems involved are essentially those of quantum mechan- 
ics and it is to be expected that, because of their real complexity, answers 
will be only slowly forthcoming. Experimental work on details of ionization 
processes in gas and liquid is needed. In particular, information which 
bears on ionization potential as a function of state and on stopping power 
as a function of state and molecular complexity will prove very useful. The 
fact is, however, that such experiments have not been done. Instead. we 
have had a large number of interesting results which bear on the behavior of 
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the ion A+ and of any excited states of At formed in step I. Practically all 
such information has come from detailed studies of mass spectra and from 
use of the mass spectrometer as a research instrument instead of as an 
analytical tool. At present, no information is available about the primary 
effects of high-energy bombardment processes. 

Ion decomposition.—The spectroscopic value of the ionization potential 
of CH+ from data of Douglas & Herzberg (12) is about 85 kcal. per mole 
less than the value obtained from mass spectrometric studies of HCN 
[Kusch, Hustrulid & Tate (13)]. The difference is attributed to excitation of 
the product ion. Hipple and his co-workers have employed a retarding poten- 
tial within the mass spectrometer (operating at bombarding potentials up 
to 1,000 v.) to obtain information about the half-lives of metastable ions and 
products from their decomposition (14 to 17). For example, half-lives were 
obtained for states of CsHio+ corresponding to transitions by rupture and 
by rearrangement 

CyHiot>C3H7*+CH; 2 usec. 

CyHiot > C3Hg*+CH, 1.7 usec. 
In order for observations to be made at all by the method of retarding poten- 
tials, the half-lives must be of the order of microseconds. Such a time is 
relatively long for a simple bond-breakage process. The elementary processes 
may be written as follows. 


Arn At*+te ig 
Rit+R: I’a 
fr 
A** 
Molecule+ molecule ion I’b 


The reaction I’a is closely akin to the phenomenon of predissociation. An 
internal conversion of electronic excitation to vibrational excitation precedes 
bond rupture. Although slow predissociation processes are known in photo- 
chemistry, the spontaneous ones of that category usually involve rearrange- 
ment. In photochemistry, however, an internal conversion process must 
compete with fluorescence or collisional processes. In a case such as this, 
collision does not occur. Also, fluorescence may be forbidden, since the upper 
state was reached by an act involving collision with an ion. The same excita- 
tion might be forbidden in a radiation absorption. Consequently, fluorescence 
would also be forbidden. Thus, the internal conversion (a process of low 
transition probability) occurs simply because of absence of competitive proc- 
esses. 

It is not necessary that reaction I’a be slow. In fact reactions I’ and I’a 
may be telescoped together in a single process akin to simple rupture in 
photochemistry [cf. Burton & Rollefson (18)]. Various minimum energies— 
appearance potentials—are required, depending on the nature of radical ion 
partners and on number of electrons involved in the ionization act. Further- 
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more, Mitchell & Coleman (19) have recently shown that product fragments 
may be formed in an excited state and that the excitation energy appears 
greater for larger molecules. 

It is easy to understand that reaction I’b should be slow. However, as a 
matter of fact its half-life may be less than the 1 wsec. characteristic of the 
ionic transitions detectable by the method of Hipple. The presence in mass 
spectra of ion peaks the parent groupings for which do not exist in the 
bombarded molecule have long been recognized. Since it can be clearly 
shown that these peaks do not arise from any secondary process, they are 
usually called rearrangement peaks. Langer (20) has recently made a study of 
the appearance of rearrangement peaks in the mass spectra of a number of 
hydrocarbons and their oxides. The masses 28, 43, 57, and 71 represent alkyl- 
radical ions. They are observed in many hydrocarbon spectra of molecules 
which could not produce them without rearrangement. In several cases shift 
of two hydrogen atoms onto a parent grouping would be required to account 
for production of the ion from the molecule. In that category the 43 peak in 
2, 2-dimethy}!butane is the largest in its spectrum. Many other rearrangement 
peaks, such as 72 in 2,4-dimethylpentane, are observed. In particular, 
different ions may be formed in several alternative rearrangement processes 
from the same molecule. Dimethylacetylene shows a rearrangement peak 
at 28 in which the hydrogen atom must have shifted from a carbon atom 
other than a neighboring one. Similar phenomena occur with the oxygen- 
containing compounds. In his interpretation of these results Langer assumes 
that the rearranging atom does not move at all from its position at the 
instant of bombardment (a satisfactory assumption in the light of the 
Franck-Condon principle) but that electronic shifts occur which are equiva- 
lent to production of an excited state of the finally observed ion. The argu- 
ment is based on the notion that the time available for the decomposition is 
extraordinarily short, but actually these times might be .001 usec. or greater. 
In such time, rearrangement-dissociations quite parallel to rearrangement- 
predissociations of photochemistry [cf. Burton & Rollefson (18)] could 
occur and thus there is really no need to assume the peculiar excitations 
postulated by Langer. Unquestionably, these results of Langer will prove 
significant for radiation chemistry. As we shall see below, there are superficial 
resemblances to observed phenomena but so far no observations have been 
made which are to be explained without qualification by rearrangement de- 
composition of excited ions. 

Reactions initiated by the electron liberated in the primary ionization.— 
Details of step II have been examined by Magee & Burton (21), who studied 
the potential energy relationships in the capture of an electron by such sys- 
tems as H,+, He and H3*. In the last case they calculated a contour diagram 
for the capture of an electron by the isosceles triangle form of H3+ and con- 
cluded, on the basis of activation energies, that the decomposition (ulti- 
mately to atoms) would be almost exclusively via the He (12)-+H configura- 
tion rather than via H2(°2)+H. The latter had been thought to be preferred 
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in a ratio of 3 to 1 on the basis of a simple quantum mechanical model [cf. 
Hirschfelder (22).] By a process of analogy and by consideration of the in- 
creased number of excited states which are involved in the cases of more 
complicated molecules, Magee & Burton arrived at the conclusion that by 
far the most frequent occurrence on capture of an electron by a positive ion 
was decomposition into two free radicals one of which was excited, e.g., 


M*+e—M* 
M*—R*+X. 


Detailed theoretical studies of the mechanism of negative ion production 
by Magee & Burton (23) indicate that negative ions make important con- 
tributions to the general radiolytic process only in special cases. In the general 
case, electrons do not give negative ions until they have been slowed down 
to thermal energies, but we shall see that there is a class of exceptions. Fur- 
thermore, step V, capture to give a negative molecule ion without decompo- 
sition, is quite unusual. The most famous exception is the well known case 
of the oxygen molecule, which yields the O.~ ion because of the special rela- 
tionship of the potential energy curves (24). According to Magee & Burton, 
it can be expected that a molecule possessing a low-lying vacant orbital can 
generally capture a thermal electron to give a negative ion according to 
step V. Such cases include nitric oxide, nitrogen dioxide, and nitrosyl com- 
pounds. 

Another point made by Magee & Burton is that conditions for negative 
ion formation are particularly good when a group or atom in a molecule 
possesses high electron affinity. For example, if the electron affinity of X- 
exceeds the bond strength R-X and if the pertinent potential energy curves 
are suitably related, capture of an electron accompanied by decomposition 
(essentially a combination of steps V and VI) is possible. 


RX+e—R+X-. IX 


Cases which can give negative ions by this mechanism include compounds 
containing hydroxyl groups or halogen atoms, such as water, alcohols and 
phenols, alkyl halides, hydrohalides, and halogens themselves. 

A third interesting possibility considered by Magee & Burton, for which 
there is abundant evidence, is the interaction of an electron, at energies con- 
siderably exceeding thermal, with a molecule to give two ions in one act. 


RX+e—R*+X-+¢. X 
Such a process is always possible when the electron affinity of X~- is suffi- 


ciently high. It may be visualized as a process of excitation followed by a 
process of decomposition 


RX+e—-RX*+e Xa 
RX*—R*+X-. Xb 


The probability of reaction X will depend on the frequency of occurrence 
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of the group X in the molecule. The fluorocarbons are specially interesting 
from this point of view. Mohler and his co-workers (25) report that in the 
mass spectrum of C;Fi, produced by 50 or 70 volt electron bombardment the 
C;Fis* peak is entirely absent, unlike the C7Higt peak which predominates 
in the mass spectrum of C;Hi.. In the i-C;Fi2 mass spectrum, contrasted 
with that of i-C;Hisz, the parent ion peak is entirely absent while in the 
n-Cs;Fj2 spectrum it is present in very low intensity. In general, both straight- 
chain and cyclic fluorocarbons give evidence for F~ formation. However, 
it is not possible to decide arbitrarily that reaction X is the process involved 
rather than the combination of Xa and Xb. 

A process such as X or Xb, when it does occur, probably occurs with very 
high probability, so that it in turn affects the next step in a radiation chemical 
process to a significant degree. This step according to Magee & Burton 
(21), may be 

R*¥+X-—R*+X Xe 
or 
R*+X-—>R+ X*. Xd 


RADIOLYSIS OF ORGANIC COMPOUNDS 


Hydrocarbons and halides——During the past year Williams & Hamill 
have reported a technique (26) in which radiobromine is added to a sample 
subjected to radiolysis or photolysis. This method is believed to permit 
study of initial stages of the process, of the effects of weak radiations, of the 
nature and relative quantity of free radicals produced, and of the changes 
which the radicals or their ion forebears undergo. In such gamma irradiation 
studies of m-pentane vapor (27), they observed phenomena seemingly related 
to those reported by Langer, namely production of bromides of radicals 
which could not have come from the parent molecule or a fragment thereof 
except through rearrangement processes. In studies of the photolysis of 
amyl bromide and also of the photobromination of n-pentane (both in the 
gaseous state) they found bromide products very similar in relative quantity 
to those in the radiolysis of m-pentane (personal communication). A con- 
venient conclusion is that some important stage of the reaction is the same 
in all three cases. Temptation to ascribe results of the radiolysis to ion tear- 
rangement decompositions of the type reported by Langer (see the section 
on Jon decomposition) is consequently somewhat inhibited. One seeks instead 
a free radical process which could be common to all three reactions. Among 
interesting indications of the results of William & Hamill were the apparent 
instability of propyl radical, under the conditions of their experiments, to 
yield free vinyl radical 


CH;CH:CH2——CH,+CH2=CH-. 


A puzzling aspect of these results is that others [cf. Glazebrook & Pearson 
(28)] have conveniently observed propyl radical, which in experiments in 
vapor at about 2 mm. Hg pressure had a half-life of the order of a millisecond. 
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It may transpire that the explanation of the results of Williams & Hamill 
involves a mechanism of a type not heretofore discussed. 

Lefort, Bonet-Maury & Frilley (29) have shown that the relationship 
between decomposition of iiquid ethyl iodide and total radiant energy ab- 
sorbed (i.e. dosage) is linear over a wide range of dosage by a-rays and by x- 
rays, of wavelength of the latter, and of temperature (—196° to 18°C.). 
The iodine liberated is readily determined colorimetrically, and they suggest 
that the reaction can be used as a convenient high-energy radiation acti- 
nometer. Siie & Saeland (30) obtained similar results with a number of other 
alkyl iodides as well as phenyl iodide, employing y-ravs from Ra-Be, deuter- 
ons, and neutrons. They found a linear relationship between decomposition 
and energy absorption in a solution containing one volume of ethyl iodide 
in three volumes of ethyl ether and recommended such a solution ‘as a radi- 
ation actinometer. (See page 128, RADIATION ACTINOMETRY.) 

Acids —Breger, Goodman & Whitehead (31) report continuation of 
studies on the effect of alpha particles from radon on fatty acids. Water is 
absent from the products of decomposition of acetic or propionic acids. It is 
a minor product of radiolysis of long-chain acids and, like hydrogen, increases 
in yield as a linear function of acid size up to the Cis acid and decreases there- 
after. The increase of hydrogen yield is reasonable in the light of a principle 
enunciated by Burton (32) that in radiation chemistry, when chemical dif- 
ferences can be neglected (e.g. in a homologous series), the nature and 
quantity of products are determined by nature and quantity of parent groups 
in the molecule of the substance decomposed. No explanation of the decrease 
is suggested. In studies of radiolysis of palmitic acid, yields of carbon dioxide, 
carbon monoxide, and hydrogen were found to rise with an increase of tem- 
perature during bombardment from —70° to +50°C. 

V. L. Burton (33) reports that bombardment of oleic acid with deuterons 
gives significant quantities of stearic acid, heptadecene, and polymerized 
acids. The first product indicates hydrogen atom production as a primary 
chemical step. M. Burton (34) had previously noted that products like hep- 
tadecene can be explained in terms of competition with decomposition by re- 
arrangement in the primary chemical act, which becomes increasingly im- 
portant in large moleculesin the liquid state. V. L. Burton (33) also reports 
that deuteron radiolysis of benzoic acid yields only a very small amount of 
gas (just as is known for aromatic compounds in general) 85 per cent of which 
is carbon dioxide and only 1.8 per cent of which is hydrogen. Saturated com- 
pounds, which might have been formed by action of hydrogen atoms, were 
not found. 

In a study of dissociation of formic acid monomer by low-velocity elec- 
tron impact in the mass spectrometer, Mariner & Bleakney (35) found twelve 
positive ions and one negative ion. The mode of production of six of the 
former was established. Most of them originate in reactions requiring mini- 
mum dissociation energy for production of the corresponding radicals, 
although at higher electron energies one of them appears to be produced by 

















RADIATION CHEMISTRY 123 


a more energetic reaction (cf. remarks on Jon decomposition). In several 
cases no more than 1 e.v. excess energy was involved. 

Polymerization and polymers.—Garrison (36) indicated that high-energy 
radiation effects on acetylene can be explained in terms of ion polymeriza- 
tion in which the C,H2+ ion adds on to an acetylene dipole according to the 
reaction 


H:C::C:H+H:C::C:HH:C::C:C::€:H etc. 
dimer-ion 


However, in other cases studied, the mechanism can be as readily understood 
in terms of conventional free radical polymerization-chain reaction, where the 
first free radical is produced by a primary radiation chemical reaction. For 
example, Dainton (37) has used polymerization of acrylonitrile in irradiated 
aqueous solution as evidence for production of free hydroxyl radicals from 
water in a primary chemical step. 

Landler & Magat (38) have employed slow neutrons from a cyclotron to 
start polymerization in styrene in two ways. In one class of experiments, the 
Szilard-Chalmers decomposition products from capture of a neutron in the 
bromine atom of ethyl bromide were the chain initiators. Here they followed 
radiobromine uptake in the polymer. In another group of experiments, they 
showed that neutron irradiation could start some polymerization chains 
merely via the hydrogen atoms liberated in the neutron bombardment proc- 
esses. Chapiro (39) found in the y-ray induced polymerization of the same 
substance that, in general, the presence of compounds which could yield 
highly effective radicals as the result of their own radiolysis greatly increased 
the rate of polymerization. Since styrene is not soluble in water, he used 
amines, acetone, propionitrile, and a variety of hydrocarbons. 

Dole and his students (69) have recently been concerned with detailed 
interpretation of the effects of radiation on polymers of well-known struc- 
ture. In pile bombardment of polyethylene, in which fast neutrons produce 
their effects via knocked-out hydrogen atoms (cf. the section on Wigner 
effect), double bonds and linkages between chains may be formed [cf. Rose 
(40)]. If air is present, oxygen may be incorporated in a polyethylene film 
to yield a polymer whose stress-strain curves are similar to those of cellulose. 
Rose notes that the gaseous product from pile irradiation of polyethylene 
is much like that previously reported by Breger (41) as produced from alpha 
irradiation of hexadecane. 


NONAQUEOUS INORGANIC SYSTEMS 


Ionic crystals —A class of phenomena of considerable fascination, detailed 
study of which began iargely with the work of the Géttingen group of Hilsch 
& Pohl and their collaborators (70), is the coloration of ionic crystals by ultra- 
violet and ionizing radiation. The subject has developed a substantial lan- 
guage of its own and a lengthy review might well include a proper introduc- 
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tion to that language. Instead, the reader is referred for such information to 
an excellent survey by Seitz (42). 

When alkali halide crystals are properly irradiated, various characteris- 
tic absorption bands lying to the long wave length side of the absorption 
region of the unexposed crystal are produced. Lithium fluoride has some spe- 
cial interest for this review because it is so affected only by ionizing radiation. 
Pile irradiation gives the reaction 


Li®+on'—,H'’+.2He'+4.6 Mev. 


The energy of the product recoils is sufficient to produce profound changes. 
Penneman (3, 43) has shown that increased dosage of radiation gives a con- 
stantly increasing F’ peak (usually ascribed to two electrons in a negative- 
ion vacancy), the wave length maximum of which shifts unmistakably to- 
ward shorter wave length with dosage. The effect has been attributed by 
Burton (44) to increase in concentration of negative ion vacancies with ex- 
posure. It has been shown that the latter be can of sufficient number to pro- 
duce a shift of the amount found. Estermann, Leivo & Stern (45) have shown 
by actual density measurements that when potassium chloride crystals are 
irradiated with x-rays there is an actual diffusion of vacancies into the inte- 
rior of the crystal in amount determined by the extent of irradiation. 

A so-called V-band is produced in crystals of potassium chloride, sodium 
chloride, and potassium bromide by x-irradiation (as well as in other ways). 
Alexander & Schneider (46) have presented good evidence that the corre- 
sponding center is a positive hole (halogen atom in the lattice) trapped in 
the lattice in such a way that it is electrically neutralized. The two peaks 
of the V-band in potassium bromide, and in potassium iodide containing 
excess iodine, are attributed to the separation of the 2P1;2 and 2P3;2 levels 
of the end state of the absorption process and not to trapped holes, which 
are less likely to resemble free halogen atoms. 

Allen & Ghormley (47) found that when crystalline barium nitrate is 
irradiated by an electron beam, oxygen is liberated and nitrite ions are 
produced. The mechanism of the process has not been elucidated. In general, 
more work in this field is urgently required. Perhaps, publication of material 
long held secret will do much to accelerate such activity. 

Gases.—Mund and his associates (48) have continued studies of the 
reaction 


H.+D.«2HD 


induced by alpha bombardment from radon. The HD yield was determined 
by the thermal conductivity method. Mass spectroscopic technique would, 
of course, considerably facilitate a study of this nature which should be 
pushed to a maximum extent because it is sufficiently simple to be subjected 
to thorough theoretical analysis. 

From their investigation of the a-ray radiolysis of nitrous oxide Wil- 
liams & Essex (49) concluded that formation of negative ions must play an 
important role with either atom or molecule negative ions involved. Nitrous 
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oxide, we may note, belongs in that class of compounds [cf. Magee & Burton 
(23), section on Reactions initiated by the electron liberated in the primary 
ionization] which form negative ions readily because low-lying orbitals are not 
completely filled. 

Similarly, Dibeler & Mohler (50) have had to assume formation of F- 
ions in order to explain the positive ion appearance potentials observed on 
electron impact of sulfur hexafluoride, carbon tetrafluoride, and silicon 
tetrafluoride in a mass spectrometer. In two cases formation of two F7- 
ions from the parent molecule was required for the explanation. Here we are 
dealing with formation of a negative ion of electron affinity approaching the 
bond strength [cf. Magee & Burton (23)]. 

In an article to which this author has not had access, Stupochenko (51) 
reports work on oxidation of sulfur dioxide induced by electron impact at 
voltages to 22 v. Reaction rate maxima were found at 10 to 12, 16 to 18, 
and 20 to 22 v. The results were ascribed to three different mechanisms of 
formation of active molecules. We may note here that both sulfur dioxide 
and oxygen readily yield negative ions. Studies of this kind, at controlled 
electron energies, should be pursued in detail to improve knowledge of the 
elementary phenomena of radiation chemistry. 


AguEous SYSTEMS 


Pure liquid water.—The state ‘of our knowledge of the radiation chemis- 
try of water has been admirably summed up in a group of recent papers by 
Allen (11, 52), Dainton (37), and -Krenz (53). Water is decomposed to yield 
hydrogen peroxide, hydrogen, and water. The yield is determined by the 
nature of the irradiation and by the presence of air or other oxidizable or 
reducible entities.‘ Weiss (58) was first to publish an account of the mecha- 
nism of radiolysis of water which involves formation and interaction of the 
free radicals H, OH, and HO. These same ideas were already employed at 
the time of Weiss’s publication on the Atomic Energy Project, but of course 
could not be published. In the form there current [cf. Burton (3), also Lea 
(1)], more emphasis was placed on details of the mechanism of ion formation 
and discharge, which may be summed up briefly as follows. Irradiation 
yields excited molecules and ions 


4 For some relatively recent reports of the effect of oxygen concentration and of 
type of radiation on radiolysis of water, the reader is referred to papers of Bonet- 
Maury & Lefort (54, 55, 56). Among other effects, they showed that on x-ray irradia- 
tion the hydrogen peroxide yield was imperceptible in the absence of oxygen (up to 
doses as high as 1.7 X10"8 ion-pairs per cc.), is roughly proportional to the radiation 
dose in the range —116° to +20°C., decreases as a function of temperature, and ap- 
proaches zero at the lower temperature. The function showed a break at the ice point. 
Hydrogen peroxide yield was unaffected either by oxygen concentration or by 
temperature down to —190°C. on a-ray irradiation of either liquid water or ice. These 
results are in contrast to the old results of Duane & Scheuer [Cf. Lind (57)] who con- 
cluded that a-ray irradiation of ice gave very little decomposition and, if oxygen was 
excluded, practically no hydrogen peroxide. 
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7" XIa 


H, 
H.,0* +e. XIb 


Excited molecules may possibly decompose to yield free H and OH close 
together, but the ensuant back reaction is so important in condensed systems 
that in biological material at any rate excited water is not thought to have 
any significant effect [cf. Lea (1)]. 


H,0*—H+0H XII 
H+OH-—H:0. XIII 


The more significant reactions involve the fate of H,O+ and the free electron 
produced in reaction XIb. The H,O0+ reacts to give hydroxy] radical 


H,0*++H,0—H;0*+0H XIV 


and the free electron reacts at a distance determined by its initial velocity to 
give a free hydrogen atom. 


H.0+e—-H+0OH-. XV 


The free atoms and radicals cannot long survive. They react with what- 
ever may be available. 


H+H-H: XVI 
H+OH-—H:0 XVII 
H.+OH—H,0+H XVIII 
H+0.—HO, XIX 
OH+OH-—H:.O: (or H,O+0) XX 
H,0:+H—-H:0+0H XXI 


H.0.—decomposition to H2O and 1/20: etc. 


If a hydroxyl radical meets a hydrogen atom or molecule early in its history 
reactions XVII or XVIII ensue. Since reaction XX has a somewhat higher 
activation energy than reaction XVII, it usually requires a large number of 
suitable encounters. Favorable conditions for such a reaction exist in regions 
of high ionization density such as are found in the path of a slow-moving 
ionizing particle (see PRINCIPALLY PHysics), or when circumstances exist 
whereby H atoms are removed rapidly after their formation (e.g. as in reac- 
tion XIX). The significantly large yields of products in radiolysis by heavy 
particles (G of the order of 1) is easily explained by a reaction of the first 
type.® 

5 A somewhat different view has been offered by Krenz (53), who suggests an 
explanation based on vibrationally excited ‘“‘polymers”’ of water. This idea was de- 
veloped to explain a thermal “lag effect” in radiolysis of water. The latter effect merits 
more thorough examination. Perhaps a simpler explanation may come therefrom. 
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For a long time it was thought that irradiation of pure water with elec- 
trons or x-rays yielded no decomposition products. However, careful atten- 
tion to details of the theory (see PRINCIPALLY PHysICs) aroused the suspicion 
that, in view of the important contribution made by secondary electrons (6- 
rays), even high-velocity electrons should give sufficient local high hydroxyl 
radical concentrations to permit peroxide formation via reaction XX. Ulti- 
mately, by a persistent study, Ghormley & Allen [see Allen (52)] were able 
to show that a steady state of hydrogen and hydrogen peroxide concentration 
was reached on x-ray irradiation at levels of a few micromoles per liter (cor- 
responding to a few millimeters pressure of hydrogen over the water). 
With increasing intensity of irradiation, the steady-state concentrations 
also increased. Allen (11) made the point that according to this point of 
view a steady state would likewise be expected for heavy-particle irradiation. 
Such a steady state has not yet been reported for heavy-particle experi- 
ments. However, in more recent experiments with water in which 2 to 19 
per cent of the hydrogen had been replaced by tritium Ghormley & Allen 
(59) obtained steady states in which the pressure of hydrogen reached 20 to 
600 cm. Hg depending apparently on nature and concentration of impurities 
present. In this case, the 6-rays from the tritium responsible for the radioly- 
sis have an average energy along their tracks of only about 5.6 e. kv. anda 
velocity much like that of cyclotron deuterons of high energy (cf. PRIN- 
CIPALLY Puysics). Thus, they showed at least a consistency in our present 
interpretation of the mechanism of radiolysis of water. 

Halogen ions in aqueous solution.—A very interesting aspect of the point 
of view presented by Allen (see the preceding section) is that it assists our 
understanding of the effect of low concentrations of halogen ions in radiolysis 
of water. It has been found that when iodide or bromide is present, x-rays 
and electrons both radiolyze water. The yield and rate of reaction depend on 
concentrations of ions, and iodide is more effective than bromide. Chloride 
is without effect. 

The interpretation of Allen is somewhat as follows. The explanation must 
be sought in inhibition of a back reaction. Undoubtedly, ions of halogen of 
insufficient electron affinity (e.g. bromide or iodide) will tend to lose an elec- 
tron to a hydroxyl radical, but the net chemical effect of that and the suc- 
ceeding reactions is zero, and no explanation can be found in such a series of 
reactions. 


X-+0H—X+0H- XXII 
X+X—X2 XXIII 
X,+H— 9X 4+X-+H,0+ XXIV 
X+H—>X-+H,0¢. XXV 
Instead, one should note the analogy of reactions XVIII and XXI 
H.+OH—H,0+H XVIII 


H,0:;+-H-—H,0+0H XXI 
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to the familiar gas chain 
H.+Cl>HCl+H 
Cl.+H-—HCI+Cl. 


Anything which removes H or Cl interrupts the latter chain. Allen proposes 
that the function of an operative impurity in water radiolysis is to interrupt 
the chain represented by XVIII and XXI and thus to give product by 
prevention of back reaction. The extent to which the impurity will inhibit 
the back chain reaction will depend on its redox potential, its concentration, 
and the concentration of hydrogen peroxide. The latter is in turn a function 
of the density in the ionization column, i.e., a function of the type of radia- 
tion. The only extraordinary feature is the very low concentration of the 
oxidant involved in the interruption step (probably reaction XXV). Free 
bromine and iodine atoms can be formed in a step such as XXII, but remain 
always in small amount. Since chlorine has too high an electron affinity, no 
chlorine atoms can be made available in such a way for the back reaction. It is 
important further to note that, once a hydrogen molecule is formed, only the 
hydroxyl radical can react with it; the reaction with bromine or iodine atoms 
is endothermal. In substance then, the effect of added bromide or iodide is 
to shift the stationary state in the direction of increased hydrogen peroxide 
and hydrogen gas concentration. 

At somewhat higher concentrations, the amount of iodine oxidized on 
irradiation is sufficient for colorimetric analysis. The effect of dosage and pH 
in x- and a-ray irradiation of potassium iodide solutions has been studied 
kinetically by Haissinsky & Lefort (60, 61). Jech (62) used the appearance 
of iodine gas from radiolysis of potassium iodide in aqueous starch paste to 
measure the range of radon alphas. 

Other ions in aqueous solution.—Other studies recently reported include 
effect of a- and x-rays on reduction of potassium iodate, oxidation of potas- 
sium nitrite, and reduction of potassium nitrate [Haissinsky & Lefort (60)], 
and effect of x-rays on the oxidation of ferrous ion [Todd & Whitcher (63)]. 
In the latter case the yield was given as 6.7 ions oxidized per calculated ion- 
pair on the average. Intensity over a range of 50 to 1 and dosage are without 
effect on the yield per unit of energy input, which does however increase 
slightly with concentration. No back reaction was detected. 

Organic compounds in aqueous solution—The x-ray-induced hydrolysis 
of phenyl! chloride and bromide and of o- and p-dichlorobenzene gives yields 
linearly related to the dosage over dosage levels from 5,000 to 40,000 r accord- 
ing to Minder, Minder & Liechti (64). Departure from linearity in the 
beginning is perhaps to be attributed to necessity of participation of prod- 
ucts in the hydrolysis. For studies of benzene and benzoic acid the reader is 
referred to the next section. 


RADIATION ACTINOMETRY 


The total energy of radiation which a sample has absorbed is referred to 
as the radiation dose. Units of dosage vary, dependent on the radiation and 
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methods of measurement available. The unit of radiation dosage by x-rays, 
the roentgen (r), is given in terms of ionization produced in air. Determina- 
tions of such ionization are employed as a basis of calculation of the energy 
absorbed by a sample under study in the same period. At best, this method 
is not too satisfactory. Radiobiologists in particular prefer a method of esti- 
mation of dosage more directly related to the medium they are studying. 
Another difficulty resides in determination of equivalent dosages of different 
radiations. 

The difficulty is particularly serious when a quantitative comparison of 
neutron or deuteron dosage or mixed pile dosage and x-ray dosage is sought. 
With both neutron and mixed pile irradiation, actual measurement of energy 
input into a sample might involve direct calorimetry. Even measurement of 
deuteron dosage at a cyclotron can be tedious. 

A clue to the solution of these difficulties was provided by some experi- 
ments by Stein & Weiss (65), who studied the radiolysis of water saturated 
with benzene and of water containing benzoic acid. Both x-rays and mixed 
gamma and neutron radiation from a 1 c. radium-beryllium source were 
employed. In aqueous solutions of benzene from which oxygen had been 
carefully excluded, phenol and bipheny! were formed on x-irradiation and, in 
addition, catechol and products originating from ring breakage were obtained 
on mixed neutron and gamma irradiation. The latter effect was attributed 
by Stein & Weiss to a high local concentration of radicals produced by the 
proton recoil from neutron bombardment (see PRINCIPALLY Puysics). In the 
benzoic acid solution, hydroxy-benzoic acids were produced. All results were 
pH sensitive. 

More recently, Day & Stein (66) have used the same reactions as radi- 
ation actinometers for x-rays, y-rays, and 6-rays. However, they simplify 
and improve the method by use of air-saturated aqueous solutions of ben- 
zene or of 0.5 per cent sodium benzoate. They found that the presence of 
oxygen increases the yield (presumably via the intermediary of HO, radi- 
cals), that the yield is a linear function of the dosage up to the point where 
oxygen gas is removed (in their case, about 60,000 r), and that the yields 
were not critically dependent on pH. A most encouraging aspect of their 
work is that the dosage to which the actinometer has been exposed can be 
determined in terms of a simple color reaction, provided adequate calibra- 
tion can be made. They give data on absolute yields for that purpose. One 
important conclusion of their work was that the yield per unit energy input 
was independent of wave length in the range 0.015 to 0.46 A. 

Obviously, it is desirable for someone to extend these studies of Day & 
Stein to pile and deuteron irradiation. In the latter case, direct although 
difficult comparison of the yield per unit energy input can be made with the 
x-ray bombardment. If the correspondence should be one-to-one, presum- 
ably the same relationship would hold for pile irradiation. The test would 
nevertheless be desirable in order to detect possible complications from other 
products (note the results of Stein & Weiss). 

It is desirable to stress that the Day-Stein actinometer is particularly 
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useful for anyone studying biological systems because it may very closely 
measure the dosage received by such a system from a radiation source in a 
given time. However, although it may furnish a reliable linear representation 
of the radiant energy available in a given region in a particular time interval, 
it will not necessarily provide direct information as to the energy absorption 
in a nonaqueous system or in an aqueous system containing a high concentra- 
tion of high-density material. For such cases, simple calculation on a density 
basis might suffice for estimation of energy absorption with x-, y-, or B-rays. 
Calculations for fast-neutron, alpha, deuteron, and proton irradiation would 
be considerably more complicated. Nevertheless, chemical actinometry 
appears the best method of dosage determination for radiation chemistry. 
The Day-Stein actinometer may be a long step on the road to solution of 
this important problem. 
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MOLECULAR-ORBITAL THEORY? 


Until a few years ago, comparatively little attention was given to the 
molecular-orbital theory of chemical binding as contrasted with the theory 
of resonance among valence-bond structures (2). However, as the interest of 
theoretical chemists turned to more and more complicated molecules, it 
became clear that the valence-bond approximation in its original form, in 
spite of its success when applied to special cases, was too unwieldy to provide 
a convenient quantitative structural theory of large molecules. The molec- 
ular-orbital approximation, on the other hand, appeared more suitable for 
the investigation of large molecules because it provided a definite and man- 
ageable technique for determining electronic structures once the values of 
certain parameters were fixed. In spite of uncertainty as to the errors in- 
herent in the molecular-orbital approximation, the method had in fact been 
successfully applied to the spectroscopic states of diatomic molecules (3), 
the resonance energies of hydrocarbons (1), and the substitution reactions 
of some aromatic systems (4); further, the approximation was clearly related 
on the one hand to the famous Aufbauprinzip of atomic structure and on the 
other hand to the Bloch theory of metals. Hence, there seemed good hope 
that the method of molecular orbitals, if suitably developed, could become 
an extremely useful tool for investigating the electronic structures of com- 
plex molecules. The story of this development is told in the papers of the 
last twelve years. 

Scope of molecular-orbital theory—Molecular-orbital theory in its usual 
form can be applied only to certain types of electronic state; but from the 
chemical standpoint this is not a limitation, since the theory can always 
be applied to the ground state, provided the electrons form a closed shell or 
a closed shell plus or minus one electron. The theoretical study of excited 
states is naturally of great importance in spectroscopy, but for reasons of 


1 This review covers approximately the period from January, 1945 to December, 
1949. 


2 At present at the Department of Chemistry, University of Manchester, Man- 
chester 13, England. 

3 For older references to the molecular-orbital method, see Wheland (1a), Hiickel 
(1b), and Coulson (1c). 
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space the present discussion must be confined to the properties of molecules 
in the ground state. 

Molecular-orbital theory is most directly useful in calculating electronic 
energies and wave functions; but, because the electronic energy and dis- 
tribution depend on the chemical structure and the nuclear configuration it 
has been possible to correlate many diverse physical and chemical properties 
with the molecular-orbital theory. Such properties include resonance ener- 
gies, equilibrium bond lengths, force constants and interaction constants, 
dipole moments, oxidation-reduction potentials, ionization constants, bond 
dissociation energies, the substitution and addition reactions of unsaturated 
molecules, and the effect of structural changes and substituents on chemical 
reactivity. 

Recent work.—Recent work in the molecular-orbital field has proceeded 
along two essentially independent lines. On the one hand, the fundamental 
equations of the theory and the physical assumptions behind them have been 
reexamined in considerable detail; the precise significance of the various para- 
meters entering into these equations is still very much sub judice. On the 
other hand, many workers have been content to accept the fundamental 
equations as theoretically adequate and either to apply them to particular 
problems or to deduce from them a set of general rules connecting the elec- 
tronic structure of a molecule with its atomic arrangement. 

At present, the second of these programs—proceeding deductively from 
the fundamental equations—has made more headway than the first, so that 
molecular-orbital theory is still semi-empirical. We shall therefore begin 
by describing the theory and its recent applications; then, having seen how 
successful it is in practice, we shall go back and discuss briefly the various 
attempts which have been made to root it more firmly in quantum mechan- 
ics. 

Principles of the molecular-orbital theory.—It will here be necessary to 
assume that the reader is familiar with the underlying principles of the molec- 
ular-orbital theory (1). For ease of reference, however, a few of the terms 
which will be used below must now be defined. The state of each electron is 
described by a molecular orbital y, which is supposed to be a solution of 
the one-electron wave equation 

Ay = eb 


where H is the one-electron Hamiltonian operator and € is the energy of the 
electron in the field due to the nuclei and to the other electrons. Moreover, 
in the so-called LCAO (linear combination of atomic orbitals) approxima- 
tion, each molecular orbital ~; is expressed in the form 


n 
¥ji= os Cirbr 
r=l 


where the @’s are atomic orbitals and the c’s are numerical constants. Both 
the atomic orbitals ¢, and the molecular orbitals Y; are considered to be nor- 
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malized to unity. The energies € are usually expressed in terms of the coulomb 
integrals 


a, = ff otends 
and the resonance integrals 
Brs = fortes 


between adjacent atomic orbitals ¢, and ¢,. The total energy of the molecule 
is taken as the sum of the e's over all occupied molecular orbitals. 

Electron densities and bond orders.—In recent applications of molecular- 
orbital theory, and in the development of the theory itself, much use has 
been made of two further theoretical concepts, namely electron density (4a) 
and bond order (5). Both these quantities are pure numbers. The electron 
density in atomic orbital ¢, is defined by the equation 


m 


Gr = 2>- cir? or 2D cie*cir 
=l j=l 
and the bond order between neighboring atoms 7 and s is defined as 
- m 
prs - 2>- CjrCjg OF , (Cie "Cie + Cis" Cir). 
=l j=l 


(The alternative forms are taken if the coefficients cj, are complex.) Since 
cj? represents the chance of an electron in Y; being found in ¢,, gq, is really 
the average number of electrons in ¢,, but the term electron density is briefer 
though less exact. If the atomic orbitals ¢, were really orthogonal, a know]l- 
edge of the mean number of electrons in each would be sufficient for deter- 
mining the center of gravity of the electron cloud, and hence the dipole mo- 
ment of the molecule; but the wave functions W are too sensitive to the 
uncertain parameters a, for such calculations to be of much quantitative 
value, as pointed out by Wheland & Pauling in their original calculations 
of resonance moments in substituted benzenes (4a). However, recent work by 
Wheland & Mann (6) has confirmed the prediction that fulvene and azulene, 
unlike most aromatic hydrocarbons, should have dipole moments; and this 
seems to confirm the general correctness of electron-density calculations. 
Curiously enough, the importance of electron densities and bond orders in 
the theory arises not so much from their direct physical interpretation, but 
from the relationships 


Gr = Oe/Oa, and prs = (1/2)(A€/0f;.). 


Both these relationships can be rigorously proved (7). They show that the 
electron densities and bond orders determine how the electronic energy will 
change when the molecule is subjected to perturbations, that is, to changes 
in the integrals a, and B,.. 

A pplication of molecular-orbital theory to unsaturated molecules.—The 
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most striking successes of molecular-orbital theory in recent years have been 
in the field of unsaturated organic molecules, especially the planar aromatic 
hydrocarbons and their derivatives. However, since this subject has been 
reviewed elsewhere (1), it will be sufficient here merely to call attention 
to the fact that the success of all these calculations is due to the possibility 
of separating the molecular orbitals of any planar molecule into two non- 
combining classes—namely, the o orbitals, which are symmetric with re- 
spect to reflection in the plane of the molecule, and the 7 orbitals which 
are antisymmetric with respect to such a reflection. All nonadditive energy 
properties of the molecule are ascribed to the 7 electrons. 

Physical properties—The molecule in isolation is obviously a simpler 
system than the molecule undergoing chemical reaction. Therefore the dis- 
cussion of resonance energies, bond lengths, force constants, etc. logically 
precedes the discussion of chemical properties. Most of the molecules whose 
physical properties have been studied by molecular-orbital theory have been 
unsaturated hydrocarbons. This is because in such hydrocarbons the atomic 
orbitals from which the 7 molecular orbitals are compounded are all carbon 
2p orbitals and may reasonably be assigned a common coulomb integral 
a. In calculations of resonance energy, the additional assumption is generally 
made that all the unsaturated bonds have the same resonance integral 6; 
but it is necessary to abandon this assumption when bond lengths and force 
constants are being discussed, since the variation of 8 with bond length 
determines the force constant and length of a bond in the equilibrium con- 
figuration. 

Resonance energies——As is well known, the resonance energy of an un- 
saturated hydrocarbon is the difference between the observed heat of for- 
mation and that computed from C—C, C=C, and C—H bond-energy terms, 
as determined from the heats of formation of methane, ethane, and ethylene. 
If B is assigned the same value for all unsaturated bonds, then the resonance 
energy appears as a multiple of 8. Hence, from molecular-orbital theory, it is 
possible to calculate the ratios of the resonance energies of a series of hydro- 
carbons and to obtain an empirical value for 8. This value of B can then be 
used to calculate the resonance energy of a new hydrocarbon. The fact that 
the same value of 6 (about 20 kcal. per mole) gives quite accurately the res- 
onance energies of many aromatic hydrocarbons (1a) suggests that con- 
siderable weight is to be attached to resonance-energy calculations using the 
same value of 8; but the experimental data are so complete that there are 
very few opportunities for a priori predictions. Be that as it may, in pre- 
dicting the stability of a new molecule, due allowance must be made for the 
following effects: 

(a) In some conjugated molecules, there are strong reasons for expecting 
that certain bonds will have much smaller resonance integrals than others, 
for example, the central bond in butadiene (8), the central bond in bi- 
phenyl (where a limited amount of internal rotation is to be expected), and 
alternate bonds in cycloéctatetraene [where crystal studies (9) show that 
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every other bond is twisted through a large angle]. For such molecules, it 
may be quite incorrect to assume that B is equal to 20 kcal. for each bond. 

(b) There may be considerable strain in the o skeleton if the molecule 
has unusual stereochemistry. For example, fulvene, azulene, cyclobutadiene, 
and pentalene (if the last two exist) all have strained o-bond skeletons, and 
this would lower their resonance energies by several kilocalories. 

(c) The neglect of overlap (i.e., neglect of the nonorthogonality of adja- 
cent atomic orbitals ¢,) may introduce appreciable errors if the simplest 
approximation is used for computing the energy levels. However, this effect 
is easily allowed for by a procedure due to Mulliken & Rieke (10) and further 
studied by Wheland (1a), who showed that in most known cases the inclu- 
sion of overlap makes little difference to the relative values of computed 
resonance energies. 

(d) The computed resonance energy of a molecule will not necessarily 
give a direct measure of its chemical stability. This is because the reactivity 
of a molecule depends on its possible modes of reaction, and there are often 
many conceivable ways in which a molecule might react or rearrange to give 
isomers, polymers, or other products. This is particularly important if the 
molecule has unpaired electrons in its ground state because we know that 
radicals are, as a rule, much more reactive than diamagnetic molecules. 
Longuet-Higgins has shown (11) that the possession of one or more normal 
classical structures is a necessary but not a sufficient condition for a hydro- 
carbon to have a diamagnetic ground state according to molecular-orbital 
theory. Indeed, it has been known for some time that molecular-orbital 
theory predicts a triplet ground state for cyclobutadiene (12). 

The most recent careful calculation of a hydrocarbon resonance energy 
by ordinary molecular-orbital theory is probably that of Schomaker & Hed- 
berg (13) on cycloéctatetraene. Allowance was made for the difference in B 
between successive bonds and for the nonorthogonality of adjacent atomic 
orbitals, and it was found that the calculated bond lengths and resonance 
energy agreed well with the recently found experimental values. It may be 
remarked that if this molecule were a regular octagon, there would be con- 
siderable strain in the skeleton and the fourth and fifth 7 molecular orbitals 
would be degenerate, so that there would be two unpaired electrons in the 
ground state; but the observed puckering of the ring removes both the skele- 
tal strain and the orbital degeneracy, so that cycloéctatetraene is in fact 
diamagnetic. 

Several other papers have recently appeared on resonance energies in 
conjugated molecules. Dyatkina & Syrkin (14) calculated the unsaturation 
energy for a number of hydrocarbon molecules, and Seel (15) has shown that 
the dissociation constants of certain polyarylethanes are correlated with 
increase in unsaturation energy upon dissociation, as computed by the same 
method. He also studied theoretically a number of molecules of the type 
AreC-Ar’-CArs, where Ar denotes an aryl residue and Ar’ an aromatic sys- 
tem; and he found that such molecules show true biradical character (as 
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judged by their magnetism, absorption spectra, and reactivity) when there 
is a gap of less than about 0.0756 between €,, and €m4, that is, between the 
lower and the upper group of molecular-orbital energies. Thus when Ar’ 
is p-terphenyl, p-quaterphenyl, or a hindered p-biphenyl residue, the 
molecule is found to behave as a biradical; and this is presumably due to an 
electron overflowing from Wm into Ym41, giving a triplet ground state. Coulson 
& Longuet-Higgins (16) discussed conjugation energy between two unsat- 
urated hydrocarbon residues joined by one bond and showed that this energy 
is always positive. Both the conjugation energy and the order of the bond 
in question are closely related to the ‘‘self-polarizabilities’’ (see below) of the 
atoms forming the bond; on this basis the ‘conjugating power” of an un- 
saturated residue was defined and found to increase in the order: B-naphthyl, 
a-naphthyl, vinyl, 1-butadienyl. Dewar (17) calculated the resonance 
energies of some nitrogen heterocycles, assuming that a has the same value 
for aromatic nitrogen and carbon, but that Bon/fcc is equal to 0.55. Although 
he obtained agreement with the experimental values for pyrrole and indole, 
there are good reasons for believing that Bcn is much more nearly equal to 
Bcc than ay is to ac; hence the validity of his calculations is open to question. 
Experience shows that within the framework of molecular-orbital theory 
almost any reasonable assumptions about the a’s and ’s, if followed out 
consistently, lead to the same general conclusions, so that the success of 
any particular set of values cannot be regarded as good evidence for their 
unique validity. This fact emerges very clearly from the work of Evans 
(18) and of Evans, Gergely & de Heer (19) on the resonance energies of 
quinones and hydroquinones. These authors found that, in a series of o- 
or p-quinones, there was a linear relationship between the redox potential 
and the difference between the calculated values of the total m energies of the 
quinone and hydroquinone; and that these linear relationships persisted 
even when the values of a and B for the oxygen atoms and the C—O bonds 
were varied over quite wide limits. 

Some interesting papers have recently appeared on the molecular-orbital 
theory of very large molecules. Coulson & Rushbrooke (20) discussed the 
distribution of the molecular-orbital energies in very long molecules of peri- 
odic structure. They found that in conjugated molecules of the type 
-A-A-A-A-A-A-, where A is the smallest repeating unit, the molecular- 
orbital energies are grouped into bands, analogous to the energy bands in 
metals. If the number of electrons in the repeating unit A is even, the lowest 
energy band or bands are full and the others empty, so that we have an 
insulator; but if this number is odd, one band will be partly filled, and the 
molecule can conduct electricity. Coulson (21) showed that in graphite there 
are two energy bands which just touch; the lower would be full and the upper 
empty if all the electrons went into the orbitals of lowest energy; but elec- 
trons become thermally excited into the other band, and so graphite behaves 
as a semi-conductor. Bradburn, Coulson & Rushbrooke (22) worked out the 
unsaturation energies of finite graphite crystallites and gave grounds for sup- 
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posing that the polymerization of smaller groups to larger ones should be 
endothermic, in agreement with the fact that carbonization with the emission 
of hydrogen occurs more easily at higher temperatures. Quite recently, Evans 
& Gergely (23) investigated the distribution of energy levels in proteins, as- 
suming the possibility of conjugation across the hydrogen bonds between 
adjacent polypeptide chains. In agreement with the work of Coulson & 
Rushbrooke (20), they found a wide gap between the occupied and unoccu- 
pied molecular orbitals and concluded that the protein could assume con- 
ducting properties only upon photo-excitation. 

Bond lengths —In calculations of resonance energy, as already remarked, 
it is usually an adequate approximation to neglect the dependence of F 
(o bond energy) and E (mr bond energy) upon bond length; and the neglect 
of overlap between adjacent atomic orbitals introduces a systematic error 
which can be largely eliminated (1a) by reinterpreting the quantity 8. How- 
ever, in order to discuss equilibrium bond lengths, force constants, and in- 
teraction constants in conjugated molecules, one must take explicit account 
of the variation of E and F with bond length. Lennard-Jones (8) was the 
first to do this. Since the total bond energy V equals E plus F and since E 
may be obtained as an explicit function of the resonance integrals Bys, it 
it was necessary to relate F and B,, to the bond lengths x,,. Lennard-Jones’ 
fundamental assumptions were that for hydrocarbons 


F = (1/2)0 2, (xr — 5)? 


bonds 


and 2Bre = const. + (1/2)x(%. — d)? — (1/2)o(%. — 5)? 


where go and s are the force constant and length of the C—C bond in ethane, 
and « and d are the force constant and length of the C=C bond in ethylene. 
From these equations, Coulson (5) showed that the equilibrium value of 
Xrs is given by 
s—d 
o(1 — Py) 
 KPre 
where p;, is the mobile bond order. This equation shows that there is a 
smooth relation between length and bond order; and Coulson’s curve has 
been found extremely useful in computing carbon-carbon bond lengths from 
calculated bond orders. For example, recent careful x-ray work on pyrene 
(24) and coronene (25) has shown that there are unmistakable differences in 
the carbon-carbon bond lengths in each molecule; and these differences are, 
with minor reservations, correctly predicted by the theory (26). More re- 
cently, Evans & de Heer (27) have extended such calculations to thiophene 
on the basis of a theoretical paper by Longuet-Higgins (28) on thiophene 
homologs; their calculated bond lengths are found to agree well with experi- 
ment when allowance is made (29) for strain in the o bonds. 

Force constants and interaction terms.—The equations of the last section 
make it possible also to derive expressions for the force constants and inter- 


ij *3- 
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action constants of bonds in conjugated hydrocarbons. No further physical 
assumptions are required. The force constant of bond rs is found (30) to 
satisfy the equation 

A Eo 

OXp5? Ars? 
where A;s =o(1— prs) +k pre; w= (1/2) x2o?2(s—d)?; and 75,73, the so-called self- 
polarizability of bond rs, is defined by the equation 
Opre = (1/2 OE , 
OBrs  ” OBrs? 
It can be proved that 7;s,7; is always negative and bears no simple relation 
to the bond order; hence the force constant of a bond, unlike its length, is 
not determined by its mobile order. In fact, if 7;s,r, is large, the force 
constant will be considerably smaller than might have been expected from 
its bond length. This effect is well illustrated by biacetylene and dimethylbi- 
acetylene, where the central carbon-carbon bonds, although only 1.4 A in 
length, actually have smaller force constants (31) than the carbon-carbon 
bond in ethane. 


Trs.ra = 


An expression can be simply obtained also for the interaction constant 
between two bonds in a conjugated hydrocarbon. This expression is (30) 
07V LT rs,tu 


Ox psOXt . ArsAtu 


where 7;s,1u, the mutual polarizability of bonds rs and tu, is defined by the 
equation (32) 
OE Oprs OP tu 


Trs.tu = (1/2) ——— —— 
- / 08; OB tu Bru OBrs 





and A;s, Aw, and w have the same meanings as before. The quantity Tr, tu 
can be either positive or negative; in a polyene, 7;;,,, >0 or <0, according 
as rs and tu are separated by an even or an odd number of bonds. Coulson & 
Longuet-Higgins (32) were able to account for the large interaction constants 
between the carbon-carbon bonds in benzene by means of the above equa- 
tions; they also predicted that in naphthalene and butadiene the interaction 
terms between pairs of unsaturated bonds would contribute largely to the 
vibrational potential energy. 

Chemical properties—The theoretical methods of quantum chemistry 
are such that it is possible to calculate the activation energy of a given reac- 
tion only when some quite definite assumption has been made as to its mech- 
anism and, in particular, as to the configuration in the transition state. For 
this reason, it is necessary to exercise great caution when attempting to 
correlate the electronic structures of molecules with their reactivity. This 
pitfall has not been altogether avoided in recent papers on quantum chemis- 
try; for example, it seems premature to attempt any quantum theory of 
carcinogenicity until something is known about the pharmacological action 
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of carcinogens. With this warning in mind, let us see what molecular-orbital 
theory can usefully say about rates of reaction. 

First, molecular-orbital theory, being designed for the calculation of 
energies, gives no direct information about entropies of activation. Secondly, 
being semi-empirical, it is much more reliable when used to calculate differ- 
ences in activation energy between similar reactions rather than absolute 
activation energies. For these reasons, molecular-orbital theory can be most 
useful to the chemist in helping him to predict the activation energy of a new 
reaction whose mechanism is similar to that of a series of reactions of known 
mechanism and activation energy. It is therefore not surprising that the most 
successful chemical predictions of molecular-orbital theory have concerned 
the addition and substitution reactions of conjugated molecules—a set of 
reactions of great importance in organic chemistry. 

Two different methods have been used in applying molecular-orbital 
theory to the reactions of conjugated molecules. To illustrate the dif- 
ference between these methods, let us consider the naphthalene molecule 
being attacked by a substitutive reagent R, which may enter either the 1- or 
the 2-position. The more rigorous method is to work out the unsaturation 
energies of the two possible transition complexes, and to identify the dif- 
ference with the difference in activation energy between the 1- and 2-sub- 
stitution reactions. The most extensive calculations of this type are those of 
Wheland (4b), who first used the method; more recently, Dewar (33) has 
applied the transition-state method to ortho-para ratios and orientation in 
benzene substitution. Both these authors succeeded in correlating a con- 
siderable amount of evidence in this way, but (a) the method is somewhat 
laborious, and the results correspondingly less easy to understand intuitively, 
and (b) there is always considerable uncertainty as to what values should 
be assigned to the parameters a, and B,, for heteroatoms and for bonds in- 
volving heteroatoms. Nevertheless, the success of these calculations seems 
to confirm the general soundness of the molecular-orbital theory of con- 
jugated systems. 

The second method is to assume that the energy change when the reagent 
is approaching the substrate is closely correlated with the energy required 
to form the transition complex, in other words, to take the polarization 
energy of the substrate as measuring the activation energy of the reaction. 
This approach was developed by Coulson & Longuet-Higgins (34), who 
showed that it led to a relation between the electron density at a position 
and the reactivity of the position towards electrophilic and nucleophilic 
reagents. [Free-radical reagents present rather special problems (35 to 38).] 
This correlation between electron density and reactivity arises essentially 
from the equation 

OE 


Oa, ~ & 


and the opposite behavior of electrophilic and nucelophilic reagents is due 
to the fact that they produce opposite changes in a@, when they attack posi- 
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tion r. With these considerations in mind, it is easier to understand the suc- 
cess of previous (4a) and subsequent (39) electron-density calculations in 
accounting for the chemical behavior of aromatic and heteroaromatic mole- 
cules. As examples of correct predictions based on electron-density calcula- 
tions, we may note (a) the fact that indolizine is most susceptible to elec- 
trophilic reagents in its 1- and 3-positions, and (b) the recent work of Morley 
& Simpson (40), who found that the 4-chloroderivatives of quinoline, cinno- 
line, and quinazoline show a progressive ease of hydrolysis, as indicated by 
the calculated electron densities (41). More recently, Longuet-Higgins (42) 
has given a simplified method for the calculation of electron densities in 
aromatic and heteroaromatic amines and has established a roughly linear 
relation between basic strength and calculated electron density, apart from 
an understandable ortho anomaly (43). Asa check on the theory, recent work 
by Brown on azulene (44) has shown that the transition-state method and 
the electron-density method lead to the same predictions as to the chemistry 
of azulene, where there are marked differences in electron density between 
the various positions. However, as shown by Coulson & Rushbrooke (45), 
the situation often arises, notably in hydrocarbons containing no odd- 
membered rings, that the electron density is equal to unity at all positions; 
and the question arises as to what will determine the relative reactivities of 
two such positions towards substitutive reagents. Wheland & Pauling (4a) 
suggested that the position of greater polarizability is the more reactive 
towards both nucleophilic and electrophilic reagents. This hypothesis fol- 
lows naturally from the analysis of Coulson & Longuet-Higgins (7, 30), who 
define the self-polarizability of position r as 

_ OG PE 


Tr, eos —_ 
Oa, Oce,? 


It is found that in napththalene, anthracene, and phenanthrene (41) the 
order of self-polarizability of different positions is identical with their order 
of reactivity in halogenation and nitration. 

Bond order and chemical reactivity—The order of a bond, like the electron 
density at an atom, is essentially a static property; it is not clear that it 
can be used to provide an index of dynamic bond properties such as stiffness 
to rotation or reactivity in addition. Gold (46) has recently discussed this 
question and has found a correlation between the order of a conjugated 
bond, the calculated bond dissociation energy, and the unsaturation-energy 
loss on saturating the bond. He concludes that the rate of cis-trans isomeri- 
zation about such a bond, the hydrogenation energy, and the dissociation 
energy of the bond should all be related to the bond order; these conclusions 
harmonize with those of Berthier & Pullman (47), who showed that in the 
dissociation of hydrocarbon molecules and radicals, the first bond to break 
is that of lowest mobile order, hyperconjugation being allowed for in the 
calculations. We conclude that bond orders, like electron densities, have 
chemical as well as physical significance. 
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Free valence—The idea that an atom which is exerting less than its 
normal valence in a molecule will be especially reactive is implicit in Thiele’s 
theory of partial valence in molecules like butadiene. In recent years this idea 
has found favor with quantum chemists, and the free valence at an atom has 
been quantitatively defined by Coulson (35). If the atom is denoted by r 
and the atoms bonded to it by s, then the free valence at the atom r is de- 
fined as 4.68 =) sprs, where p,, is the total order of the bond rs. Coulson chose 
the constant 4.68 for carbon, rather than 4, because at the time this seemed 
to be the smallest value which would make the free valence invariably posi- 
tive. It has since been shown (48, 49) that the maximum value of > .prs for 
trigonal carbon is 4 if the carbon is primary, 3+ 4/2 if the carbon is sec- 
ondary, and 3+ \/3 if the carbon is tertiary as in 1,1-diphenylethylene. In 
the hypothetical linear biradical C3H», the value of }>.pr, would be 2424/2. 

It is important to guard against the error of supposing that a position 
of high free valence will necessarily be very reactive in all types of reaction 
(50); even the assumption (35) that free valence is an index of reactivity in 
homolytic reactions has not yet been rigorously derived from the rest of 
molecular-orbital theory and has very much the same status as it did when 
Thiele wrote many years ago. However, if these theoretical reservations are 
borne in mind, calculations of free valence should continue to provide pre- 
dictions of a tentative kind (50 to 55). 

The effect of structure on reactivity—In order to predict in general how 
structural changes will affect the chemical behavior of a molecule, it is 
necessary to establish general rules as to how changes in the parameters 
a, and B8;, will affect the energy, the electron densities, and the bond orders 
in a molecule. The equations 0E/da, =q, and 0E/0B,;s=2p;s answer this ques- 
tion for the energy; and Longuet-Higgins (42) has used the first of these 
equations to calculate the unsaturation energy of various heteroaromatic 
molecules from the electron densities in the isoelectronic hydrocarbons. The 
usefulness of such calculations arises from the fact that for many hydrocar- 
bon molecules, radicals, and ions the electron densities can be written down 
practically by inspection. 

In order to predict how a small change in a, will affect the electron den- 
sity gs, we need to evaluate quantities of the type 0q,/da;=7.,r. Since 
Qs =OE/0as,%+,5=Ts,r; for this reason, m;,, is referred to as the mutual 
polarizability of positions r and s. Coulson & Longuet-Higgins showed (34) 
that in conjugated hydrocarbons containing no odd-membered rings, 7,» is 
positive or negative according as positions r and s are separated by even or 
odd numbers of bonds. Combining this with the theorem that in such 
hydrocarbons the electron density g, is unity at every position, we see that 
replacement of one carbon atom by a heteroatom will result in the electron 
densities becoming alternately greater and less than unity throughout 
the molecule. Thus, the famous law of alternating polarity can be derived 
from molecular-orbital theory by quite general arguments. For the meth- 
ods by which the mutual polarizabilities can be calculated (7), for their 
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numerical values (34), and for the use which has been made of them in 
particular problems (41), the reader must be referred to the original papers. 

Validity of molecular-orbital theory—The usefulness of molecular-orbital 
theory from the practical point of view depends on the possibility of assuming 
that the integrals a, and 8,, take much the same values for the same kind of 
atom or bond in different molecules. Various suggestions have been advanced 
on semi-empirical grounds as to the way in which this assumption might be 
improved; for instance, the coulomb integral of an atom probably depends 
on the electron density there (6) and on the number (56) and nature (33) 
of the bonds formed by the atom, but no reliable theoretical methods have 
been devised for calculating the parameters a, and 6,5. This is principally 
because they are defined in terms of a one-electron Hamiltonian H whose 
precise theoretical significance is still in question. As Lennard-Jones (57) 
has recently shown, the correct wave equation for a molecular orbital con- 
tains an operator which depends on all the occupied molecular orbitals; and 
Roothaan (58) has recently given a rigorous discussion of the LCAO molec- 
ular-orbital approximation, in which he shows that the best LCAO orbitals 
for a closed shell satisfy an eigenvalue equation of the type Hy =e), where H 
involves the atomic-orbital coefficients in all the occupied molecular orbitals. 
However, the total energy is not equal to the sum of these eigenvalues, so 
that the best working values of a, and 8, are not necessarily to be identified 
with the matrix elements of this operator H. Perhaps Mulliken’s detailed 
analysis (59) of the two-center problem in terms of LCAO molecular-orbital 
theory will lead to a clearer understanding of the basis of simple molecular- 
orbital theory, but at present his work lends little support to the invariance 
of the coulomb and resonance integrals in different molecules (60). However, 
the mathematical technique of molecular-orbital theory is now well enough 
developed for the theory to adapt itself without undue inconvenience to 
any detailed changes that may be necessary in the values of the fundamental 
parameters; and the techniques of contour integration (7, 34) and perturba- 
tion theory (41) have enabled general results to be obtained which are to a 
large extent independent of the precise values of these parameters. 


THE FREE-ELECTRON MODEL 


Rather closely related to the molecular-orbital treatment of aromatic 
molecules is the free-electron method, developed by Bayliss (61) and ex- 
tended by Kuhn (62), Simpson (56), and Platt (63). According to this meth- 

‘od, the electrons are considered to move in one-dimensional potential 
wells, the shapes and dimensions of which are those of the frameworks formed 
by the carbon-carbon o-bonds of the molecules concerned. Since, at least 
with hydrocarbons, no empirical parameters other than those determined 
by the respective molecular geometries are required, the method is in prin- 
ciple an absolute one, not needing to be standardized by reference to the 
observed properties of some one arbitrarily selected substance. It is therefore 
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especially gratifying that the treatment leads to qualitatively, and even 
semi-quantitatively, satisfactory results for the energies and the spectra of 
such substances as polyenes, cyanine dyes, prophyrins, and linear and angu- 
lar condensed-ring systems. The method is still so new, however, that its 
reliability and scope are as yet somewhat uncertain. For this reason, no fur- 
ther discussion of it seems desirable here. 


THE VALENCE-BonD METHOD‘ 


Recent developments of the valence-bond method have been principally 
along two lines. On the one hand, further progress has been made in the cor- 
relation of structure with reactivity, bond lengths, etc; on the other hand, 
several promising simplified methods for obtaining both exact and approxi- 
mate solutions of the secular equation have been devised. 

The method of molecular diagrams.—This method, which was developed 
by the Daudels (65a), the Pullmans (65b), and their co-workers is an elabo- 
ration of a simpler one due to Svartholm (66). The first step in its appli- 
cation to, say, an aromatic hydrocarbon consists in setting up and solv- 
ing the secular equation in the usual way (64). Then the wave function 
W of the resonating molecule is explicitly expressed in the form V= > aaj, 
where the a;’s are numerical coefficients satisfying the relation >> j;a?=1, 
and the y's are the functions that represent the individual resonating struc- 
tures. The summation over 7 includes all canonical structures. The bond 
order (indice total de liaison) T,, of the bond between a given pair of adja- 
cent atoms / and m is now defined by the equation 


Tim = 1+ >0'a;? 
2 


in which the first term on the right corresponds to the ¢-bond which is always 
present, and the second term represents the w-bond order (indice de liaison 
a). The primed summation includes only those terms a;* corresponding to 
structures 7 in which the atoms / and m are joined by a double bond. Finally 
the free-valence number (indice de valence libre) J; of a carbon atom / is 
defined as 


Ji = > a; 
i 


where the doubly primed summation now includes only those terms a;* 
corresponding to structures 7 in which the atom / takes part in an ineffective 
(or formal) bond between nonadjacent atoms. Thus, with benzene, the wave 
function assumes the form. 

W = 0.62(¥4 + va) + 0.27 + Yo + Ve) 


where W4 and Wz are the wave functions for the Kekulé structures, and fe, 
Wp, and fz are those for the Dewar structures. The 7-bond order of each car- 


‘ For a description of the valence-bond method, see Wheland (64). 
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bon-carbon bond is therefore (0.62)?+ (0.27) ?, or 0.46; the free-valence num- 
ber of each carbon atom is (0.27)?, or 0.07. For the application of the treat- 
ment to molecules containing heteroatoms, the reader must be referred to 
the original papers (65, 67). 

Although the values of the bond orders and free-valence numbers, de- 
rived in the above ways, are quite different from those of the corresponding 
quantities defined by Penney (68) and by Coulson (5), the several sets of 
numbers can be simply correlated with one another (69). It therefore follows 
that this new treatment, like the older ones, can be used for the interpretation 
and prediction of bond lengths, bond energies, etc. Moreover, some success 
in interpreting reactivities has also been achieved with the assumption that 
additions should readily occur at a bond with a high order or at one with 
which both of the atoms concerned have high free-valence numbers and with 
the further assumption that substitutions should readily occur at atoms with 
high free-valence numbers. These assumptions are, of course, implicitly 
based on the one that polar effects can be ignored. 

At least two theoretical objections can be raised to the described treat- 
ment. First, since the functions ¥; which represent the individual structures 
are not mutually orthogonal, the corresponding structures are not mutually 
exclusive and the functions V for the complete molecules are not normalized. 
Second, since the set of structures among which resonance is considered to 
occur can be chosen in many different ways, the values obtained for the bond 
orders and free-valence numbers are not unique. For both these reasons, 
the quantitative significance of these values is somewhat obscured. Neither 
objection, however, is very serious if the treatment is regarded as essentially 
qualitative and if it is used only for short interpolations or extrapolations of 
experimental data. 

Exact methods for solving secular equations—Two essentially ditferent 
procedures for the exact solution of complicated secular equations have been 
developed. One of these, due to Oakley & Kimball (70), makes use of 
punched-card machines and has been applied to naphthalene, anthracene, 
and phenanthrene. The calculated resonance energies for these molecules 
were found to be 2.04 A, 2.95 A, and 3.01 A, respectively, where A is the single- 
exchange integral between adjacent carbon atoms. In the calculation for 
naphthalene, the secular equation solved was the same symmetrical one 
which was used by Sherman (71) in his more laborious solution. In the calcu- 
lations for anthracene and phenanthrene, the equations were the unsymmetri- 
cal ones obtained by the method of spin valence developed by Wheland (72). 

The second exact method is the method of spin states (méthode des états 
de spin) described by Vroelant & Daudel (73). According to this method, the 
Slater valence-bond functions (64) are not used at all. Instead, the secular 
equation is set up with respect to the antisymmetrized products 
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of simple spin-orbit functions. In this expression, the y's are the atomic 
orbitals and the o’s are the associated spin functions, either a or 8. The secu- 
lar equations are therefore of higher degree than those obtained by the more 
familiar methods; they are, however, simpler in form, more easily set up, and 
more easily solved. The authors state that the complete treatment of naph- 
thalene required no more than 20 hr. It is possible that the application of 
punched-card methods might further lessen the labor. 

Approximate methods for solving secular equations.—Several such methods 
have been based (66, 71, 74) on the neglect of the more highly excited struc- 
tures, on the grouping of structures with the same degree of excitation, and 
on the estimating of average matrix elements. The results thus obtained 
have in general been rather satisfactory. 

A fundamentally new approach has been developed by Hartmann (75) 
and extended by Vroelant & Daudel (73, 76). According to Hartmann, the 
secular equations of the type described in the last paragraph of the preceding 
section are treated by the second-order perturbation method. The energy E 
of an aromatic or conjugated hydrocarbon then becomes 


E=Q+A)D (1/n) 


where Q is the coulomb integral, A is as before the single-exchange integral, 
and m,; is the number of carbon atoms which, in the complete conjugated 
system, are adjacent to the two carbon atoms that form the ith bond. The 
summation is over all carbon-carbon bonds. With benzene, for example, 
there are six bonds with n; equal to 2; the approximate energy is therefore 
Q+3.0 A, whereas the correct value is Q+2.61 A. With naphthalene, there 
are six bonds with n,; equal to 2, four bonds with nm; equal to 3, and one 
bond with 1; equal to 4; the approximate energy is therefore Q+4.58 A, 
whereas the correct value (70, 71) is Q+4.04 A. As in these examples the 
coefficients of A seem generally, with aromatic hydrocarbons, to be about 15 
per cent too high. With nonaromatic hydrocarbons, the errors are greater. 

By a more careful examination of Hartmann’s method, Vroelant & 
Daudel (73) were able to derive the more accurate, but still approximate 
equation 


E=Q+A>x% 


where the x,;’s are the negative roots of the equations 
x;? — nx; — 1 = 0. 

The approximate energies, obtained in this way for hexatriene, benzene, 
naphthalene, anthracene, and phenanthrene, are respectively Q+2.48 A, 
Q+2.49 A, 0+3.93 A, Q0+5.38 A, and Q+5.43 A; the correct values are 
respectively 042.49 A, 042.61 A, 0+4.04 A, Q0+5.45 A, and Q+5.51 A. 
The agreement is thus excellent with both aromatic and nonaromatic hydro- 
carbons. 
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As a further extension of the method, Vroelant & Daudel have derived 
general expressions (73, 76) for either exact or approximate calculation of 
bond orders and free-valence numbers. Since, in this procedure, they return 
to Penney’s (68) older definition of bond order, and since they now redefine 
free-valence number so that it becomes analogous to Coulson’s (35), they 
avoid both of the theoretical difficulties which, as mentioned above, are 
inherent in the method of molecular diagrams. Their treatment is, however, 
too complex to be further described here. 
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SPECTROSCOPY 
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Minneapolis 14, Minnesota 


In surveying the progress of spectroscopy in 1949, we found ourselves 
regarding this as perhaps the last of the post-war years; we shall therefore 
look backward beyond 1949 and try to deal with several outstanding trends 
in spectroscopy during the post-war period. There were certain trends in 
theory, notably in the determination and the interpretation of vibrational 
force constants; but the outstanding factor in the development of spectros- 
copy during this period has been the remarkable improvements in tech- 
nique. We shall, therefore, place this subject at the head of our review. 


DEVELOPMENTS IN TECHNIQUE 


In any field there are, of course, constant flows of small technical improve- 
ments; spectroscopy is no different from other fields in this. Such improve- 
ments have been made in 1949, and some of them are very helpful in extend- 
ing the range of possible studies. Thus, we may mention the development of 
new materials, such as polytrifluorochloroethylene (1), which is transparent 
well into the infrared and at the same time quite resistant to most substances; 
it therefore makes it possible to study the infrared spectrum of substances 
which hitherto would have been very difficult to examine. In the same way, 
improvements in cryogenic apparatus and the development of low-tempera- 
ture cells (2) are important in facilitating low-temperature studies which 
had previously been carried out with greater difficulty. Again, there have 
been improvements in light sources for Raman work which have made it 
possible for investigators to obtain Raman spectra more quickly and to ob- 
tain the weaker Raman lines of previously studied substances (3). 

All these improvements, and others we might mention, are important 
and have contributed to the progress of spectroscopy. However, we want to 
call particular attention to some revolutionary improvements in techniques 
which make possible not merely the extension of a range previously studied, 
but a new attack on experiments which have hitherto been inaccessible. 
Such revolutionary technical strides have been more evident in some branches 
of spectroscopy than in others, naturally. The improvements in technique 
vary in their significance approximately in direct proportion to the wave- 
length of the radiation concerned; there has been no revolutionary improve- 
ment in ultraviolet spectroscopy, which was at a good level of technical 
development before the war. At the other extreme, the field of microwave 
spectroscopy was nonexistent before the war, except for the one study of 
Cleeton & Williams (4), who made a truly remarkable pioneer study of the 
absorption by ammonia of radiation of 1.5 cm. wavelength nearly twenty 
years ago. In between these two, the field of infrared spectroscopy has under- 
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gone exciting developments in technique. We shall confine our discussion to 
this field. 

We should first mention, in the infrared field, the advent of highly effi- 
cient, relatively inexpensive, commercial infrared spectrometers; whereas 
before the war one had to build his own instrument in order to study infrared 
spectra, the present year finds them as easy to obtain, if not as easy to use, 
as visible spectrographs. The three common commercial infrared instruments, 
the Perkin-Elmer, the Baird, and the Beckman, are all prism spectrometers 
(5, 6, 7) whose optical performance would have been considered exceptional 
before the war and whose reliability and stability would have been consid- 
ered miraculous. The availability of such instruments, of course, means that 
spectra are far more easily and quickly obtained. It is no longer a major re- 
search project merely to obtain the infrared spectrum of a compound, under 
good prism dispersion. It is thus possible for the empirical spectroscopist to 
carry out a study in which several scores of compounds are studied and their 
spectra correlated; the theoretical spectroscopist is likewise free to devote 
less of his time to getting his raw material and more of his time to analyzing 
and interpreting his studies. While this is not an unmixed blessing, it does 
mean that systematic comparisons of one molecule with others, on a theoreti- 
cal basis, are more easily made. 

Along with the great improvement in the availability and reliability of 
prism spectrometers, there has been great improvement in the availability 
of synthetic crystals for use as prisms (8). Moreover, crystals of the material 
called KRS-5 are now commercially available. This material is a solid 
solution of thallous bromide and iodide, which can be grown as a true mixed 
crystal and can be cut and polished for use as prisms in infrared spectrome- 
ters. While the material is actually opaque in the blue region of the visible 
spectrum (to wavelengths shorter than 5,000 A), it is transparent out to 40 
microns in the infrared; it therefore makes available the range of wave- 
lengths from 25 to 40 uw. (The best material previously available was potas- 
sium bromide, which is transparent out to 25 uw.) This, of course, means that 
some vibrations of certain molecules, which previously were not accessible 
for study except with elaborate grating instruments, can now be observed; 
several investigators have been making such studies, notably Plyler (9). 

Perhaps the outstanding improvement in spectroscopic technique has 
been in radiation detectors. Detectors which are much more sensitive, and 
which react much more rapidly than pre-war detectors, are now in use in all 
fields from the ultraviolet through the far infrared. Such improvement in 
detectors may, of course, be exploited in any of three directions: weaker 
lines and bands of weaker intensity may be studied, or moderately strong 
bands may be studied under improved resolution (where detector sensitivity 
has been a factor in resolving power), or the spectrograph may be used to 
follow events more rapidly than previously. Actually, the improvements in 
detectors have been exploited in all three ways. 

In the ultraviolet and visible field, photoelectric detection is perhaps no 
more sensitive than the photographic methods used generally, but it is much 
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more rapid. Thus, the use of the photomultiplier tubes to observe rapidly 
fluctuating phenomena (10), with a time resolution much better than 1 yp 
sec., may be mentioned. Another new detector is the orthicon tube, developed 
for use in commercial television. This tube has sufficient sensitivity that, if it 
is placed in the back of a spectrograph so that the spectrum falls on its sensi- 
tive surface, and it is then wired to ‘‘transmit”’ to a cathode-ray tube, a trace 
of the spectrum will be presented on the cathode-ray screen. In this way, the 
over-all spectrum of a rapidly changing light source may be followed as a 
function of time. The possible applications of such a spectrographic tech- 
nique are obviously many; the idea has already been applied to combustion 
studies (11). 

An outstanding detector development of recent years is the development 
by Cashman (12) of photocells based on lead sulfide. Other substances have 
also been investigated (13), notably lead telluride (14). Before the advent of 
such cells, the use of photocells was limited to radiation of wavelength shorter 
than 1 uw, approximately the limit of the photographic region. Beyond that, 
thermocouples had to be used as radiation detectors. The lead sulfide cells 
extend the range of photocell technique to 3.5 uw, and the lead telluride to 
about 6 uw. They are not only much faster in response than thermocouples, 
but also more sensitive. The lead sulfide cells have an additional appeal 
arising from their use in motion-picture sound reproduction systems; they 
are commercially available at reasonable prices. Since, moreover, they can be 
used with fairly standard amplification and recording, they provide a readily 
available technique. Exploitation has already been started of these new 
photocell detectors in the three directions mentioned above; namely, for the 
study of faint spectra (15), for the attainment of greater resolution than was 
previously readily available in this spectral region (16), and for the study 
of rapidly changing systems through observation of their spectra in this 
region (17). 

Detectors usable out beyond 6 uw have also improved greatly. Advances 
in thermocouple technique have progressed to the point where thermocouples 
have been made with response times on the order of 15 msec., whereas the 
pre-war thermocouples usually took several seconds to respond (18). Such a 
rapid response means that, instead of requiring from 15 min. to several 
hours to record the infrared spectrum of a sample in the rocksalt region (2 
to 15 4), the spectrum can be scanned in as many seconds. Indeed, infrared 
spectrographs have been made which scan several microns in 15 sec., pre- 
senting the spectrum on a cathode-ray tube (19, 20). It is clear that, thanks 
to such developments, it is now possible for the first time to observe the 
infrared spectra of systems which are changing fairly rapidly. 

An even more rapid, and apparently more sensitive, detector than the 
thermocouple has also been developed by Golay (21, 22). This pneumatic 
detector, like a thermocouple, is nonselective and is thus applicable to the 
detection of radiation of all wavelengths. It has been made with response 
times as low as 1 msec. and has been successfully applied both to increase 
the resolution and to shorten the observation time in infrared spectroscopy 
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(23). A new multi-slit device (24) has also been proposed and to some extent 
tested by Golay; it has not yet been really used. 

Another highly important development in technique in the infrared 
region of the spectrum has to do with the use of smaller samples. The ordi- 
nary infrared spectrometer cell requires a cross-sectional area of some 3 
sq. cm. and cell thicknesses (pathlength) from 25 w up; by the time some 
handling loss and dead-cell space is allowed for, one needs at least 0.1 cc. of 
sample. This has been minimized by the development of so-called ‘‘micro- 
cells’ (25), which require as little as 0.04 cc. of sample. But recently Burch 
(26) has developed microscope optics which contain only reflecting elements; 
they, therefore, are completely transparent to radiation of all wavelengths 
and, in particular, can be used in the infrared. Similar reflecting microscope 
objectives have been developed in the United States (27, 28). Using such 
reflecting microscopes and directing the image onto the slit of an infrared 
spectrometer, one can observe the infrared spectrum of samples containing 
about 1 wg. of material. Exploitation of this development has just been 
begun (29, 30, 31). It is clear that this development will mean a great deal 
in several fields of application. The most obvious is the biological field, 
where microgram samples are the rule rather than the exception and where 
the availability of the microscope technique will make it possible to study the 
infrared spectra of many samples previously beyond reach. Another obvious 
application is to the study of crystalline materials; hitherto, it has been 
necessary to prepare either large single crystals or else oriented growths of 
small crystals (32). With the microscope, it will be possible to study the 
spectra of small single crystals. Again, in the application of spectroscopy 
to the study of fibers, the use of the microscope will be of obviously great 
importance. It may be pointed out that the reflecting microscope as used 
with an infrared spectrometer is essentially a simple microscope, in that 
only an objective is used, and there is no lens element corresponding to an 
ocular. Therefore, the magnification is by no means as great as with ordinary 
visible microscopes; nevertheless, it is quite sufficient to be a very significant 
advantage in infrared spectrometry. It is also pertinent to point out that, 
in the process of focusing infrared radiation on a specimen, one introduces 
heating problems. Infrared is, after all, heat radiation, and the heating effect 
of focusing light on a small sample is not surprising. While the references 
already cited show that many applications can be carried through and really 
exciting results obtained, without difficulties arising from the heating ques- 
tion, it should not be forgotten by anyone planning to use this technique. 
Samples not able to withstand a temperature of perhaps 50°C. may suffer 
damage. 

Another recent improvement in technique is the use of polarized infrared 
radiation. The idea of polarized infrared is not new, and one means of polar- 
izing such radiation has been known for a long time; polarization by reflec- 
tion from selenium was first proposed by Pfund in 1906 (33). It has, however, 
received very little application until recently. With the advent of silver 
chloride sheets in a commercially available form, more easily prepared and 
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more rugged polarizers have been developed using this material. It is clearly 
a real advantage to use polarized radiation in studying the absorption spec- 
trum of any material which is anisotropic. Thus, in the study of any type 
of polymer which may be stretched, whether natural or synthetic, the use of 
polarized radiation is of great value (34). 


EMPIRICAL SPECTROSCOPY 


Here we have reference to the use of spectroscopic techniques, not to 
investigate the spectra themselves, nor to investigate molecular structure 
in a geometrical or energetic sense, but merely to observe certain physical 
properties of samples, namely, their spectra, which can be correlated with 
the qualitative nature and quantitative concentration of the components of 
the sample. This type of spectroscopy may be regarded as an extension and 
refinement of colorimetry, although this certainly oversimplifies and under- 
estimates the field. In the months we have under review, the interesting 
developments in empirical spectroscopy are confined almost entirely to infra- 
red. The use of ultraviolet spectroscopy, or rather spectrophotometry, for 
quantitative analysis and to some extent, qualitative analysis of samples was 
well known before the war; at the other end of the spectrum, the microwave 
technique is still so new that, as far as we are aware, it has not yet been put 
to work in this spectroscopic sense. [The suggestion has, however, been 
made (35)]. But the infrared field, which was used in a few laboratories only 
before the war, has really come into its own with regard to use in quantita- 
tive and qualitative analysis; this burgeoning has, of course, run hand in 
hand with the development of reliable commercially available infrared 
spectrometers and indeed is responsible for the development of these in- 
struments. 

The value of infrared spectra in such applications is the reliable correla- 
tion which may be made between the appearance of certain absorption 
bands in the spectrum and the existence of certain functional groups in the 
molecule. The best known, and perhaps most reliable, example is the corre- 
lation between absorption bands near 3,000 wave numbers and the existence 
of CH bonds in the molecule. (As a matter of fact, this correlation can be 
and has been refined to correlate the exact frequencies at which bands appear 
with the types of CH bonds, whether primary, secondary, aromatic, acety- 
lenic, and so on.) Basic progress in this field is made by the examination of 
scores of related compounds and the establishment of reliable correlations 
between spectra and structure, between bands and bonds. To review the 
progress would require cataloging of such steps in considerable detail; we, 
of course, do not have the space for such a review, nor is it well suited to our 
purpose here. Papers listing the better established correlations have been 
published (36, 37); we can best refer the reader who has a general interest 
in empirical spectroscopy to these papers. 

This is perhaps a good place to emphasize what is mentioned in the review 
articles last cited, that the use of infrared spectra for empirical correlations, 
particularly with regard to qualitative organic analysis, is a matter which 
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requires experience and judgment. Some of the correlations are very well 
established and quite reliable, such as the CH bands referred to above; 
others are considerably more chancy and must be used only with appropriate 
caution and with the use of various checks. Nor has a correlation been found 
for every type of functional group, although progress is steadily being made; 
thus, within the past year the characterization of the SH deformation fre- 
quency seems to have been made (38), but there is still no absorption fre- 
quency which can be correlated with the presence of a CO single bond in the 
molecule. In short, while the tremendous instrumental and technical devel- 
opment in infrared spectroscopy has reduced the determination of spectra 
from an art to a routine, it has not done the same for the interpretation of 
spectra. 

In reviewing the literature, we noticed a few trends in the empirical appli- 
cation of infrared spectra. One is the increased application of infrared spectra 
to the investigation of biochemically interesting substances. In some ways, 
a most exciting example was the war-time work on penicillin (39) in which 
infrared studies, used together with all other available techniques for deter- 
mination of structure in a truly remarkable exhibition of teamwork, con- 
tributed in no small measure to the determination of the chemical nature of 
this substance. Spectroscopic investigations have also been applied to syn- 
thetic polypeptides (40), as well as to proteins themselves (41, 42), and to 
actual tissues (43). A second indication of the present state of the art of 
empirical infrared spectroscopy is its application to the elucidation of reac- 
tion mechanisms, particularly in the study of polymerization mechanisms 
through the investigation of the resulting polymer (44, 45, 56). 

Finally, we were struck by the rapidity with which technical develop- 
ments are put to work in the empirical use of infrared. Thus, rapidly respond- 
ing detectors are already at work following the composition of respiratory 
gases (47); the new improvements in low temperature spectroscopy have 
been applied to the study of rubberlike polymers (48); the easy availability 
of silver chloride sheet has made possible the study of aqueous solutions, 
which hitherto have not been studied because the solvent attacked the 
rocksalt windows necessary for the passage of infrared light (49); deuterium 
has been put to work in studies of steroid metabolism (50); and the new 
interest in infrared intensities, as related to fundamental vibrational proper- 
ties or molecules, has also been applied to the characterization of steroids 


(51). 


RAMAN SPECTRA OF CRYSTALS 


In 1928 Landsberg & Mandelstam found that monochromatic radiation 
suffered a shift in frequency when scattered by crystals (52). In the same 
year Raman observed a similar effect for liquids (53, 54). The development 
of the theory of the Raman effect, particularly by Placzek (55), made its 
application to molecular vibration problems relatively straightforward for 
liquids and gases. On the other hand, crystals could not be treated so directly 
because their spectra were dependent on lattice as well as molecular vibra- 
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tions (56, 57). In fact, it was not until a few years ago that a relatively satis- 
factory theoretical basis for the Raman spectrum of crystals was established 
(58 to 61). Furthermore, it was only recently that the experimental technique 
for obtaining the spectra of crystals was sufficiently refined to make detailed 
studies feasible (62). Much of this recent experimental work is due to Krish- 
nan and his colleagues at Bangalore. The theoretical work has been carried 
out by Born and his school (59, 63) at Edinburgh and by Raman and his 
collaborators (60, 61) at Bangalore. Since their theories are mutually exclu- 
sive and have been the subject of considerable controversy (64, 65), we feel 
it is worthwhile for us to discuss this topic here in some detail. 

The complete Raman spectrum of a crystal will, in general, contain the 
following: (a) a lattice spectrum due to lattice vibrations, (b) a molecular 
spectrum if the elements of the lattice are molecules or molecular ions, e.g., 
ammonium ion, and (c) a spectrum due to the interaction of the lattice with 
the molecular vibrations. The molecular-vibration spectrum will have essen- 
tially the same character for the crystal as for the corresponding liquid. 
This aspect of the problem will be deferred until the infrared vibration spec- 
trum is discussed. The difficulty concerns the analysis and interpretation 
of the lattice-vibration spectrum. For this reason, it will be simpler to con- 
sider crystals which do not have molecular entities as elements of their struc- 
ture and confine the present discussion to crystals of the diamond and rock- 
salt type. The Raman spectrum of diamond has two distinct features. The 
first-order spectrum is a line spectrum, due to the vibration of each of the 
n interpenetrating lattices (corresponding to the m elements of the unit cell) 
as a rigid system. This is analogous to the Raman effect for a molecule of 
n particles having a fixed orientation in space. It also corresponds to the 
‘“‘Reststrahlen”’ vibration observed in the infrared. This first-order effect 
vanishes when each of the lattice points is a center of symmetry, as is the 
case for sodium chloride. The second-order effect is connected with the 
quadratic terms in the expansion of the polarizability tensor for the crystal 
in terms of the displacement coordinates of the nuclei. It is here that the 
Raman and Born theories diverge most seriously. For, whereas Raman pre- 
dicts only a discrete line spectrum (60, 61), Born has shown that the second- 
order spectrum is quasi-continuous (59, 63). The overtones and combina- 
tion tones of the first-order spectrum form a second-order line spectrum. 
This is superimposed on a second-order continuous spectrum, which itself 
has density maxima, i.e., peaks. It would seem then that a clear-cut decision 
could be made on the basis of the experimental results. Unfortunately, inter- 
pretations of the available data (64) differ markedly. This further complicates 
the question and makes a careful examination of the facts, as well as the theo- 
ries, essential. 

The Born theory is developed in the following manner (59, 63). The 
crystal is regarded as an interacting mechanical system of nN particles, 
where n is the number of particles in the unit cell and N is the number of 
unit cells in the lattice. The radiation with which the crystal interacts is 
regarded as being enclosed in a large box, the crystal being very small 
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compared with the box, yet very large compared with the size of a unit cell. 
In this sense, the crystal is essentially a large molecule, and the Dirac theory 
of particle-radiation interaction as given by Placzek (55) is applicable. 

In order to determine the frequency spectrum, the equations of motion 
for the lattice are set up in the classical manner. Solutions for independent 
normal vibrations of the lattice are plane waves. The frequencies of vibra- 
tion are obtained as the 3m roots of a secular equation, which depends on a 
parameter g (the wave vector) which may take on WN values. Three of these 
roots (the acoustic branches) tend to zero as g—0; the remaining 3n-3 form 
the optical branch and tend to finite limits as gq—0. These 3-3 limiting fre- 
quencies (for g=0) are the first-order Raman spectrum of the lattice. The 
force constants in the secular equation are related through the symmetry of 
the lattice and can also be related to the elastic constants for the crystal. 
In the case of an ionic crystal, such as sodium chloride, it is assumed that 
Coulomb forces act between ions and repulsive forces between next neigh- 
bors. The constants arising from these assumptions can be calculated from 
the experimental values of the lattice constant and the compressibility. For 
diamond, arbitrary forces are assumed between first-neighbor atoms, central 
forces between second-neighbor atoms, and the force constants evaluated 
with the aid of the measured elastic constants and the frequency shift of the 
principal, i. e., first-order, Raman line. The complete frequency spectrum 
can then be determined. To evaluate the relative intensities of the various 
parts of the spectrum, the Placzek polarizibility theory may be used and the 
complete Raman spectrum determined. 

Raman’s theory (61, 66, 67) has not been developed in as much mathe- 
matical detail as that of Born, but it is, nevertheless, possible to set forth 
the main points on which it diverges from that of the latter. It is proposed 
that the high-frequency optical vibrations are essentially different in charac- 
ter from the lower frequency acoustic vibrations and must be treated sepa- 
rately and differently from the latter. For this reason, the plane-wave solution 
of the dynamic equations of motion of the nuclei is rejected, and the normal 
modes of the lattice vibrations are analyzed in terms of crystal architecture. 
As a consequence of this analysis, it is supposed that crystallographically 
equivalent atoms in different unit cells must have the same amplitude of 
vibration; hence, their phases are either the same or opposite in successive 
cells along each of the three principal axes. Thus, since there are two phase 
possibilities for each of the three axes, there are eight combinations in all. 
The nuclear vibrations, therefore, repeat themselves in a “‘supercell’’ which 
has twice the linear dimensions (or eight times the volume) of the unit 
cell; taking account of these eight possibilities, we have for the ‘‘supercell”’ 
8 X3n modes. If the modes corresponding to a translation of the crystal as 
a whole are omitted, there will remain (24n-3) normal modes. These, accord- 
ing to Raman, are the only physically possible normal modes for the lattice. 
Degeneracies due to crystallographic symmetry would result in fewer than 
the maximum numbér of normal modes being present. The acoustic vibra- 
tions are then connected with the three modes excluded as translations. 
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Hence, the vibration spectrum will be discrete and composed of a small 
number of sharp lines. 

In order to compute the frequencies (68), the usual type of normal-coordi- 
nate treatment is made for the “‘supercell”’ of 3 atoms. Certain of the ob- 
served peaks in the second-order spectrum are assigned to overtone and 
combination tones of both active and inactive first-order modes. The values 
of the first-order fundamentals are then computed and used to determine 
the force constants. The theory does not treat intensities in anything but the 
most qualitative manner. 

We have now to examine the merits of each theory. The Born theory is 
a quite straightforward result of the application of the principles of classical 
and quantum mechanics. It suggests that since a crystal is a mechanical 
system of nN particles, it will have 3nN-3 degrees of freedom and, hence, 
the same number of normal modes of vibration. The number of frequencies 
is therefore very large and they are observed in the form of a spectral dis- 
tribution. The Raman theory does not, in fact, treat the lattice as a large 
mechanical system but focuses its attention on the “‘supercell’’ containing 
only 8m particles; for this small system it obtains the correct number of lines, 
viz. (3n X8—3). But it is then asserted that these lines are really the result 
of (N/8)-fold degeneracies; where, as before, N is the number of unit cells in 
the lattice. It is difficult to reconcile this and several other results of the Ra- 
man theory with the laws of mechanics. Furthermore, whereas Born’s 
predictions are borne out rather well by experiment, those of the Raman 
theory are not, despite Krishnan’s claims to the contrary (64). In regard to 
diffuse x-ray scattering, Lonsdale (69) and Born (70) have shown Raman’s 
theory to be incorrect. An examination of published microphotometer records 
and photographs (71) of the second-order Raman spectrum indicates, with- 
out any doubt, its quasi-continuous character. We cannot understand how 
these spectra can be interpreted as discrete line spectra. There seems, there- 
fore, to be little doubt that the Raman theory of lattice vibrations is in error, 
that the Born theory is correct, and that there is no real basis for controversy 
on this point. 

The interpretation placed by Kirshnan on his experimental data in no 
way detracts from their value as such. He has refined Rasetti’s (56, 57) 
technique to a considerable extent and has published several remarkably 
good photographs of the Raman spectra of crystals. Using the 2,536 A 
mercury resonance line, he has obtained the principal Raman line (1,332 
cm.~') of diamond after 5 sec. exposure, Doppler-shifted Brillouin compo- 
nents after 30 sec., the second-order spectrum after 30 min., and the anti- 
Stokes 1,332 cm.- line after 45 min. 


INFRARED SPECTRA OF CRYSTALS 


The difficulties underlying a discussion of lattice vibrations are essentially 
the same for infrared as for Raman spectra and, hence, will not be further 
discussed. In fact, much of the recent work on the infrared spectra of solids 
has been concerned chiefly with the molecular or complex-ionic entities in 
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the crystal lattice and only indirectly or secondarily with the lattice itself. 
This approach has, however, proved quite useful in elucidating aspects of 
lattice structure which have proved troublesome even to x-ray crystallog- 
raphers. For instance, Hornig & Wagner (72) have offered convincing evi- 
dence and arguments to support their contention that even at room tempera- 
ture the ammonium ions in an ammonium halide crystal are not freely rotat- 
ing. Their conclusions are founded, in the first place, on a careful re-examina- 
tion and assignment of the ammonium-ion fundamentals and, in the second 
place, on the demonstrated existence of a lattice vibration corresponding to 
the torsional motion of the ammonium groups. Their work complements 
that of Lawson (73) in 1940 and offers convincing support to Frenkel’s 
hypothesis (74) that so-called \-transitions may be the result of order- 
disorder transformations, and not due to the onset or disappearance of free 
rotation. 

The convincing character of the work just mentioned might have been 
much less apparent had there not been published recently several relatively 
rigorous discussions (75, 76, 77) of the vibrational selection rules for molecules 
and complex-ions in crystals. Also, this and other similar work has demon- 
strated in a striking manner the value of low-temperature and temperature- 
variation studies of the infrared absorption spectra of molecular crystals. 
In general, it is found that bands sharpen with decrease in temperature. 
This sharpening, coupled with the altered selection rules, the appearance of 
forbidden transitions, and the partial or complete removal of degeneracies 
for molecules in crystals, may afford considerable aid in the interpretation 
of vibrational spectra. The use of polarized infrared radiation has also proved 
to be of considerable value in the study of molecular crystals (78). 


ULTRAVIOLET SPECTROSCOPY 


Ultraviolet spectroscopy is essentially a study of the electronic spectra 
of molecules, and as such, it is of basic importance to a complete understand- 
ing of chemical valence and molecular structure. Unfortunately, the interpre- 
tation of electronic spectra shares all of the complexities and difficulties of 
valence problems. As far as quantitative interpretation is concerned, elec- 
tronic spectroscopy is still in an exploratory stage, except for diatomic mole- 
cules. It is only within recent years that the appropriate theory for complete 
analysis of ultraviolet spectra has been developed (79), as far as polyatomic 
molecules are concerned. There are still very few molecules whose ultra- 
violet spectra have been completely analyzed. However, such studies are 
in progress in several laboratories (80, 81), and the slow acquisition of more 
data of this quantitative type will ultimately give us more information about 
the excited states of molecules and about the chemical bonds concerned. 
Indeed, investigators studying long-lived triplet states have recently begun 
the application of complete analysis to spectra of this type also (82, 83). 

One of the difficulties has been that the spectra of the simplest poly- 
atomic molecules, which might be most susceptible to accurate theoretical 
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study, are also accessible with the most difficulty. The simpler the molecule, 
the further out in the ultraviolet will its spectrum lie. In order to study 
absorption spectra in the region below 2,000 A, it is necessary to use vacuum 
spectrographs. In recent years the experimental techniques necessary for 
the study of the vacuum ultraviolet region have been refined sufficiently to 
make such study generally feasible (84). Mappings of this region have con- 
tinued (85). 

The difficulties mentioned above have meant that most of the interpreta- 
tion of spectra has been qualitative or semiquantitative only. Bold simplifi- 
cations and compromises with rigor have been made. The results of such 
approximate and qualitative interpretation of spectra have been quite help- 
ful; they are perhaps better discussed in connection with valence theory than 
here. We may note, however, that such empirical correlations, however 
inexact theoretically, are of value in arriving at some understanding of the 
ultraviolet spectra of the more complex molecules (86, 87). 


MICROWAVE SPECTROSCOPY 


Apart from the pioneering work of Cleeton & Williams (4), microwave 
spectroscopy may quite properly be called a post-war development. In the 
space of a few years and as a result of a tremendous flood of published work, 
it has taken its place as an important extension of the spectroscopic field. 
The impact that it has had on problems in molecular structure has already 
been quite pronounced and is likely to become more so in the future. We 
shall not discuss the technique of microwave spectroscopy at all. It is, of 
course, an outgrowth of war-time radar covering the spectral range from 
3.5 to 0.05 cm.-!. The techniques and difficulties of ordinary optics are re- 
placed by those of electron tubes. The transitions observed in this region 
are essentially those of the pure rotation spectrum, and these transitions 
can be measured with exceptional resolving power. Moreover, measurements 
of the Stark effect, the Zeeman effect, and hyperfine structure can be made 
rather easily. 

Much structural information of interest to the chemist can be derived 
from these studies. Highly precise determinations of molecular distances 
and bond angles can, of course, be made, working with heavy molecules 
whose large moments of inertia preclude rotational analysis in the ordinary 
optical spectroscopic region. Moreover, use of the Stark effect enables the 
microwave spectroscopist to measure dipole moments with great accuracy. 
Microwave spectroscopy is also an excellent method for the determination 
of nuclear spins. Data of these types have recently been presented in a review 
by Gordy (88). The table we present brings his tables up to date; as far as 
we know, it includes all published microwave results on molecular constants 
not given by Gordy. 

Particular interest attaches to the possible use of microwaves to study the 
internal rotations in certain molecules. The recent work of Dennison & 
Burkhard (89) on methanol, leading to a value of 932 cal. per mole for the 
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STRUCTURE PARAMETERS FROM MICROWAVES 
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Linear— 
FCI 1.62811 I. 54.184 0.88: (105) 
FBr?® 1.759 Ie 78.358 1.29 (102) 
127C 1 Ie 245.14 0.65 (100) 
HC®YN"™ C—H 1.061 18.94 2.957 (104, 106) 
C—N 1.157 
DCYN 23.17 (106) 
CISCUN' C—Cl 1.629 140.51 2.5 C12 (95, 101) 
C—N 1.163 
Br?CUNu C—Br 1.790 203 .62 2.94 (101) 
C—N 1.158 
L27CuNnu C—I 1.995 260.10 3.71 (101) 
C—N (1.158) 
O“~cus C—O 1.163: 138.0 0.708 S%3/2 (94, 101, 
C—S 1.558 0.73: $*3 /2 103, 112) 
O’C2Se* C—O 1.1588 208.82 0.754 Se771/2 (97) 
C—Se 1.7090 Se74: 76,78, 80. 82) 
Symmetric Top Molecules— 
NHs 1.45 (101) 
PF; P—F 1.54 FPF (104° + 3°) (113) 
CHF C—H 1.109 HCH 110°0’ (113) 
C—F 1.385 
C2H,Cl* C—H 1.12 HCH 110°50’ 63.11 1.88 (98) 
C—Cl 1.781 
C#D,Cl* C—D 1.10. DCD 111°24’ 77.365 (95) 
C—Cl 1.786. 
CH, I 11297 /2 (96) 
C2p,I7 C—D 1.098 DCD 112°3’ 138.89 (95) 
C—I 2.1440 
C"F,H C—H (1.111) FCF (110°) (113) 
C—F 1.326 
C™F,Br7® C—F 1.321 399.86 (107, 108) 
C—Br 1.936 
CF,]!27 C—I 2.162 551.0 (108) 
Si?##H,Cl® Si—Cl 2.035 HSiH 103°57’ 125.71 1.38 (98, 114) 
(Si—Cl 2.048) HSiH 110°57’ 
(Si—H 1.50) 
Si#*F,C1l® Si—F 1.550 338.6 (109) 
Si—Cl1 1.995 
Si#*F,.Br7* Si—F 1.550 541.+ (109) 
Si—Br 2.159 
Ge™H,Cl® Ge—H 1.52 HGeH 111°4’ 193.58 2.13 (98) 
Ge—Cl 2.147 
B°H,C“0 B—H (1.20) HBH 113°52’ 93.42 1.7% B93 (99, 115) 
C—O (1.13) Bu3 /2 
B—C 1.540 
Si#F,C"H;, Si—C 1.88 225.79 (109) 
C“2F,C2N4" C—F (1.326) 284.7 (108) 
C—N (1.160) 
C—C 1.492 
Si#*F,H Si—H (1.55) FSiF (110°+ 1°) 116.39 (109) 


Si—F 1.555 
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TABLE I (continued) 


. Moment of* Dipole 
Ground state - : ve 














Molecule* distance Angles ~— — Nuclear References 
ei Zo, 10-4 win spins S 
gm.cm.2 Debyes 
Asymmetric Top Molecules— 
Ethylene C—H 1.0802 HCH 116°51’ Ia 32.917 (110) 
oxide C—C 1.4728 COC 61°41.2’ Ip 37.920 
C:H,O C—O 1.4363 CCO 59°9.4’ Ic 59.500 
HCH—CCO 158°5’ 
Ig 6311.9 (116) 
Ip 36.7 
Ic 56.7 
C:D,O Ia 41.123 (110) 
Ip 54.271 
Ic 72.667 
CH:NCS C—H 1.09 HCN 109° Iq 10.72 (111) 
C—N 1.47 CNC 142° Ip 329.34 
N—C 1.22 Ic 334.85 
C—S 1.56 
CH:SCN C—H 1.09 HCS 109° Tay, 341 (111) 
C—S 1.81 CSC 142° 
S—C 1.61 
C—N 1.21 
H;0 1.84 (101) 


* The moments of inertia J» are for the ground vibrational state (except where otherwise indicated 
and refer to the particular isotopic species listed. J, refers to the equilibrium moment of inertia. In the 
case of symmetric top molecules, /g refers to the ground state moment about an axis perpendicular to 
the symmetry axis. 


barrier height in this molecule, has furnished the most precise datum of this 
type to date. 

A development of even greater chemical interest is the interpretation of 
nuclear quadrupole couplings in relation to chemical bond type. The nuclear 
quadrupole coupling can be determined directly from microwave spectra; 
for linear or symmetric top molecules it may be specified by a constant, 
eQq, where e is the electronic charge, Q is the nuclear quadrupole moment, 
and q refers to the second derivative of the electrostatic potential (at the 
nucleus) in the direction of the molecular symmetry axis. The moment Q 
measures the departure of the nuclear charge distribution from spherical 
symmetry, being positive for a prolate spheroid, and negative for an oblate 
spheroid. The coupling constant then measures the variation of electrostatic 
energy with orientation of the nucleus. The magnitude of g is a function of 
the way in which the available p orbits are occupied by the valence electrons 
surrounding the nucleus. A rigorous theoretical evaluation of gq would be 
very difficult for all but the very simplest cases, but Townes & Dailey (90) 
have developed an approximate treatment which promises to be of great 
value. It is possible in this way to obtain information about the nature of 
the. hybridization and the covalent or ionic character of ordinary chemical 


bonds. 
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MOLECULAR VIBRATIONS AND MOLECULAR STRUCTURE 


Under this heading, we include papers on the spectroscopic determina- 
tion of molecular geometry, on the assignment of molecular vibrations to 
particular frequencies, and on the spectroscopic study of the internal mo- 
tions of molecules, which, of course, include molecular vibrations. As we 
surveyed the literature in this field for the post-war period, particularly the 
last year or two, we formulated three observations of a general nature. 
The first relates to the great activity in this field compared to the situation 
10 years ago. Probably, this reflects the fact that such information has been 
found useful, particularly in thermodynamic applications; it shows the 
effect of the tremendous technical and instrumental development described 
above; and lastly, it is another effect of the general increase in support for 
scientific research over the past 10 years. 

Our second observation is the absence of integrating papers. By this, we 
mean that most of the large number of papers are of narrow interest. The 
vibrational assignment of a single molecule is determined, or perhaps partly 
determined; and the result is of interest only to investigators concerned with 
that particular molecule. Or a small, though significant, improvement is 
effected in the theoretical methods available for treating such problems; and 
this paper will be of interest only to workers in the field of vibrational 
analysis, who will welcome it for the labor-saving it affords. There were 
very few papers which dealt with a phenomenon of general interest, handling 
the problem from a general viewpoint, or which successfully correlated a 
large number of single instances into a general deduction. Nor were there 
any seven-league strides forward in theoretical methods available for vibra- 
tional analysis. This probably reflects the fact that our theoretical methods 
presently available are sufficient for us to subjugate a large number of im- 
portant and interesting, though individual, molecules and that our attack 
on certain basic general problems has reached the stage where we must 
accumulate more data, and if possible more reliable data, before we may draw 
convincing generalizations and build up satisfactory theories. Nevertheless, 
there are certain trends in the literature which we have surveyed. 

Our third observation drawn from our survey is that a good deal of re- 
examination of older work seems to be in progress. Molecules whose vibra- 
tional assignments were once considered settled are being restudied—and the 
assignments resettled as a consequence. Presumably, this trend also reflects 
the great improvement in experimental tools, which makes one feel that a 
re-examination of a spectrum will certainly yield more accurate data and 
will perhaps turn up data previously unnoticed. 

As would be expected, a number of papers are devoted to the study of 
compounds which have only recently become available, or which have 
recently received new importance. Thus, the recent emphasis on fluorocar- 
bons has stimulated interest in them, while the increased availability of these 
compounds has made it possible for them to be studied. And so, studies 
have appeared, with partial or complete vibrational assignments on the fluo- 
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rine derivatives of methane (117, 118, 119), on carbonyl fluoride (120), on 
“methyl fluoroform’’ (CH3;CF;) (121), on the olefinic derivative CF,CH, 
(122), and others. 

For perhaps similar reasons, borohydrides have received, and are re- 
ceiving, considerable attention (123 to 126). Both the fluorocarbons and the 
borohydrides are most interesting from a theoretical standpoint because 
these two elements show definitely nonconformist tendencies in their chemi- 
cal behavior, deviating considerably from the straightforward periodic-table 
expectations. Hence, information on these molecules provides a fairly de- 
manding test of our understanding of chemical bonding and chemical va- 
lence, and it is only through such tests that we can learn of the weaknesses of 
our theories and improve them. 

In connection with these compounds, we may note that at the present 
time the evidence seems overwhelming (125) that B.H, has the “‘bridge”’ 
structure; that is, that the molecule has two boron and four hydrogen 
atoms arranged in one plane in a manner similar to the ethylene structure, 
but with the double bond stretched a bit and the remaining hydrogens 
embedded in the electron cloud, one above and one below the plane to give 
a symmetrical arrangement. We may also note that the problem of the 
hydrogen bond in the bifluoride ion (F HF—) seems to have been finally re- 
solved; a very complete discussion (127), including spectroscopic and thermo- 
dynamic data, convinces us that the ion has a linear structure with a single 
potential minimum, the hydrogen having its equilibrium position midway 
between the two fluorines. This is, of course, in contrast to the unsymmetrical 
nature of the hydrogen bond in the ice crystal. 

Another class of molecules which have deservedly received attention is 
the aliphatic hydrocarbons. Although empirical correlations have been 
pretty well established for the frequencies of these compounds for some 
while, the complete assignment has not been carried through convincingly 
for many of them. Significant contributions have appeared, both in the as- 
signment of the fundamentals of some of the individual hydrocarbons (128, 
129, 130) and in the general systematic treatment of the methylene chain, 
which can be applied to all the normal paraffin molecules (131 to 134). 

Two other studies deserve separate mention here, for they show how the 
improved experimental techniques now available have made it possible to 
study weak phenomena previously observable only with great difficulty. 
Herzberg (135) has recently observed infrared absorption by hydrogen, 
which must be attributed to quadrupole transitions; this was only possible 
with the use of a multiple-reflection cell, which gave an effective path length 
several thousand meters long. Crawford, Welch & Locke (136, 137) have 
observed infrared absorption of oxygen, nitrogen, hydrogen, and carbon 
dioxide under conditions which indicate that the absorption is due to dipole 
transitions induced by intermolecular forces. 

Internal rotation.—The fact that rotation about single bonds in mole- 
cules is not free, but rather strongly hindered, is now well established; there 








166 CRAWFORD AND MANN 


is no longer any question that an energy barrier must be surmounted when 
a methyl group, say, turns through 120° from one equilibrium position to 
the next. In the dozen years of study of this phenomenon, we have gathered 
a considerable amount of qualitative and semiquantitative information 
regarding these barriers and a bare handful of really accurate data on them; 
most of the barrier heights remain speculative or controversial, and there 
is still no convincing and well-established theory which accounts for these 
energy barriers to rotation. The question remains one of the most challeng- 
ing problems of molecular structure, and it is not surprising that a number 
of workers are attacking it. An uncritical listing of barrier heights published 
would be of little value, and a critical compilation would take too long; but 
we shall offer some comments on recent progress and on the reasons for our 
slow progress toward understanding this phenomenon. 

Certainly, the most interesting paper on this subject is that of Lassettre & 
Dean (138) who propose a theory for the origin of these barriers; they at- 
tribute the barrier to electrostatic repulsions between bonds (not atoms!), 
the principal terms involving the quadrupole moments of the bonds. Their 
very fair and thorough presentation (in which the available experimental 
data is reviewed rather well) shows that their theory is consistent with our 
present information, but it cannot be claimed that their theory is established. 
The fact is that there are too few accurate data to provide an adequate test. 

If we first consider the type of molecule in which the internal rotation 
produces no new isomer, as in the rotation of a methyl group in ethane, 
methanol, propane, and the like, it is clear that we may describe the barrier 
in terms of one parameter, namely, its height. (The question of the barrier 
shape is of secondary importance in its effect on molecular energy levels, and 
the simple sinusoidal assumption is certainly satisfactory for the present.) 
The usual method for the determination of this barrier height is through the 
effect of the hindering of rotation on the thermodynamic properties of the 
molecule. This requires a determination of the thermodynamic property, 
usually the entropy or heat capacity of the gas, and reliable determinations 
of the contributions to this property ade by over-all rotation and transla- 
tion and by the molecular vibrations. This means that the barrier-height 
determination depends on the small difference between two large quantities; 
like most such determinations, it throws considerable strain on the accuracy 
of the over-all measurement, in this case, the thermodynamic quantity, as 
well as on the accuracy of the other data involved. Since, in particular, a 
thoroughly reliable and complete vibrational analysis is relatively rare, 
it is not surprising that most of the data on barrier heights are somewhat 
uncertain. One way to attack this problem is through the better determina- 
tion of vibrational assignments for molecules involving internal rotations; 
and, indeed, such studies are continuing (139, 140). Another completely dif- 
ferent approach to such barrier heights which may prove to be much more 
accurate and useful than the statistical thermodynamic one, is through the 
analysis of microwave spectra; so far, this has contributed only the value 
for methanol mentioned above. 
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Another situation arises when the internal rotation produces distinct 
isomers, as in the case of 1,2-dichloroethane. In such cases, our present in- 
formation indicates that the trans configuration is one stable form, with the 
two chlorines and two carbon atoms all in the same plane; and that the 
other isomer is obtained by rotation through 120° to give the gauche form 
of lower symmetry. Such isomers of different symmetry should, in general 
have different spectra; moreover, we may expect a difference in energy 
between the two isomers, so that the relative amounts of each would change 
with changing temperature. It should therefore be possible, through study 
of the spectrum of a given compound as a function of temperature, to assign 
individual bands to different isomers; and if the study is carried out quanti- 
tatively, the difference in energy between the two forms should be determi- 
nable. Such studies have been carried out by a number of workers (141 to 
148). 

Force constants —The study of vibrational spectra is of interest not only 
to determine the fundamental frequencies of vibration, which is to say the 
energy levels of the internal motions of the molecule, but also to study the 
forces which hold the molecule together, which is to say the chemical bonds 
themselves. Through analysis of the vibrational fundamentals, we can deter- 
mine the restoring forces which operate to bring the molecule back to its 
equilibrium configuration when it has once been distorted. The nature of the 
problem is such that, if these restoring forces are assumed to be of completely 
general origin, there are more parameters than we can determine. Therefore, 
a model is usually assumed which attributes the restoring forces to some 
definite origins. The most successful model to date has been the valence-force 
field, in which the ideas of directed valence are taken rather literally, and 
force constants are evaluated for the resistance of bonds to stretching and 
of valence angles to distortion. It is also necessary to take into account inter- 
actions between different bond distortions. The determination of the force 
constants for such distortions has received considerable attention from spec- 
troscopists, and indeed force constants have been found very useful in estab- 
lishing consistency tests for individual vibrational assignments, in estimating 
vibrational frequencies which cannot be spectroscopically observed, and for 
other purposes in addition to the information they give us concerning chemi- 
cal bonds. We do not have space here either to describe all of the signifi- 
cant interpretations of force constants or to trace their development and use; 
fortunately, we may refer to an excellent review by Linnett (149) which 
appeared only a few years ago. Nor can we take space to review recent 
developments in our mathematical methods for the determination of force 
constants (150 to 153). There are, however, two developments in this field 
which are of more general interest, which we wish to summarize. 

The first of these is the interpretation of force constants, and particularly 
of their interactions, in terms of valence theories. From the beginning, one 
of the goals of force-constant determination has been their use in under- 
standing chemical bonds; force constants as bond properties along with 
bond energies and bond distances, or perhaps the deviation of force constants 
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from bond-characteristic behavior, should help in the further development 
of valence theory. Occasional interpretations of specific force constants in 
terms of valence theory have been made, but in a very scattered fashion. 
But recently, several semiquantitative studies of force constants in terms 
of valence theory have appeared (154 to 158). The results to date are very 
encouraging; that is, like most of the semiquantitative results of modern 
valance theory, they are encouraging or discouraging according as one feels 
optimistic or pessimistic on the subject. But it is, we believe, significant that 
such interpretative studies of force constants have taken an up-swing. 

The other development has been the advancement and study of two new 
types of restoring-force models to compete with the valence-force picture 
described above. These are the Urey-Bradley model and the Linnett orbital- 
force model. Both may be regarded as refinements of the valence-force model. 
The first was proposed by Urey & Bradley (166) many years ago; it includes 
the terms of the valence-force picture, expressing the resistance of bonds to 
stretching and of valence angles to distortion, but in addition, it includes 
terms expressing the repulsive force between unbonded atoms. Thus, in the 
treatment of methylene chloride, a term expressing the repulsion between 
the two chlorine atoms is included. This model has now been applied to a 
great number of molecules by Mizushima & Simanouti and their coworkers 
(159 to 162). 

The Linnett orbital-force model (163, 164, 165) also includes the effect 
of repulsion between nonbonded atoms. But it takes with complete literalness 
the main idea of directed valence theory, namely, that the bonding orbital 
reaching out from a central atom has a definite axis, and the bonded atom 
is most stable on this axis. One then assumes that if the hydrogen atoms in 
methane are displaced, the tetrahedral orbital structure of the central carbon 
atom will rotate into the most favorable orientation; but each hydrogen 
atom will still lie some distance off the axis of its bonding orbital, and the 
distortion energy of the final configuration is to be measured in terms of 
these distances. It will be seen at once that this is a significant refinement 
of the straightforward valence-force model, in which distortions are measured 
in terms of the angles formed by the atoms involved. In a way, it represents 
another step toward the interpretation of force constants in terms of valence 
theory; indeed, in the later papers (164, 165) account is taken of the change 
of hybridization of the carbon orbitals during vibration. 

The use of different models for the restoring force means that different 
sets of force constants are obtained. It is well to remember that force con- 
stants have meaning only in terms of the model for which they were de- 
rived; a force constant for one particular bond, taken out of its ‘‘context,”’ 
is, in general, a meaningless number. This points up the fact that it does 
have meaning to ask the question, ‘“‘Which of these models is right?’’ The 
answer is not yet determined. The Urey-Bradley model seems to show some 
significant improvement over the valence-force model, but it has not as vet 
been tested as extensively as the latter. From a theoretical viewpoint, the 
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former would appear to have the advantage. The Linnett model is still 
more appealing on theoretical grounds. However, it has as yet been tested 
on a very few molecules, indeed; it is rather awkward to use, and this diffi- 
culty in calculation may act against its use in complicated molecules. At 
any rate, there is no doubt but that further refinement and testing of our 
model for the restoring forces in molecules, and further interpretative stud- 
ies from the theoretical viewpoint, should help us in attaining more complete 
understanding of chemical bonding. 
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STATISTICAL MECHANICAL THEORY OF 
CRYSTALLINE AND LIQUID STATE! 


By JosepH E. MAYER 
Institute for Nuclear Studies, University of Chicago, 
Chicago, Illinois 


DISTRIBUTION FUNCTIONS 


One of the less spectacular but noticeable trends in the development of 
statistical mechanics of the past decade has been the increasing use of dis- 
tribution functions. The radial distribution function for liquids has long been 
in use. It is so defined that the distribution function, f(r), multiplied by dr is 
proportional to the probability that, in the liquid, a molecule will be in a 
shell of radius r and thickness dr, measured from the center of any arbitrary 
molecule. This function is parabolic in shape since the probability becomes 
proportional to 4mr%dr at large distances. It is convenient to divide the 
probability by the density, p, in molecules per cc. in the liquid phase. In 
this case the function becomes equal to 47r? at large distances. One fre- 
quently defines the function F(r) =f(r)/42r? so that F(r) approaches unity 
when r becomes large. At vanishing small values of r, both these functions 
approach zero since there is zero probability that the centers of two mole- 
cules will be infinitely close together. The function rises to a maximum at 
the distance of the first coordination sphere and the area of p4mr?F(r)dr in- 
tegrated over the region of the first coordination sphere is equal to the co- 
ordination number. In normal liquids this area is usually between 10 and 12. 

The work of Yvon (1) in France, of Kirkwood (2, 3, 4) and Mayer (5, 6, 7) 
in the United States, and of Born & Green (8) in Edinburgh have tended to 
regard this function, F(r), as only one of a large set of functions defined for 
arbitrary numbers of molecules. The quantity p"F,(x1, °° +, Zn)dx1 - + + dz, 
may be defined as equal to the probability that in the system molecules will 
be observed simultaneously with their centers at the coordinate position 
X1, °° *, Zn, in the volumeelement dx - - -dz,. The quantity p is the density 
in molecules per unit volume of the system. In a liquid or a gas, the function 
F\(x1912:) is then identically unity since the probability of finding a molecule 
at any position is independent of the position and equal to pdxdydz. In a 
crystalline phase, this function will be triply periodic in space with the 
periodicity of the crystal lattice. For liquids and gases the function 
F2(m1, -**, 22) is a function only of the distance, r=[(x1—%x2)?+(91—y2)? 
+ (2; —z2)*]'/2 and is the function F(r) discussed in the first paragraph. This 
function approaches unity at large distances. Indeed for a liquid all func- 
tions, F,, approach unity in value if all the distances between all m molecules 
become large. 

Distribution functions can be defined for liquids composed of several 
chemical components (6), in which case they depend on the numbers, 


1 This review covers approximately the period from 1935 to December, 1949. 
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M1, 22, * * * , Ms, Of molecules, ms, of species s. If the molecules have significant 
internal coordinates, the distribution functions may be defined so as to de- 
pend upon the internal coordinates as well as the cartesian coordinates of 
the centers of mass. In practice it is customary to limit the discussion to the 
case of molecules which are either so close to spherical in shape, or actually 
monatomic, that the distribution functions are generally regarded as func- 
tions of the coordinate of the center of mass alone. None of the general 
theorems are significantly different, however, if internal coordinates are in- 
cluded. 
If a quantity W(x, - - - , Zn) is defined by, 
F,, = e7W,,/k7 I 


then it can be shown that W, has the meaning of being a potential of average 
force. This statement has the following significance: consider the case of 
two molecules in a liquid. If the molecules are placed at a position 7 from each 
other there will be a force acting along any coordinate, say x; of molecule 
one, due to the presence of the other molecule. This force will be composed 
of two parts: the direct force due to the direct interaction of the second 
molecule, and an indirect fluctuating force due to the fact that the second 
molecule influences and disturbs the normal spherically symmetrical dis- 
tribution of the other molecules of the system around the first molecule. The 
time average of the sum of these two forces is called the average force. 
This force is conservative, namely, it can be written as a negative derivative 
with respect to the coordinate of a potential function. For m molecules one 
may define a similar average force, and write: 
OW,(m1,°°* 5 Zn) 


fe,(my* >> 5%) = — — —- II 
fe,(% ax, 


The potential function, W,, is that which occurs in equation I. 

In the limit of a system of zero densities, namely, a perfect gas, the po- 
tential of average force, W,, becomes equal to U,, the direct potential energy 
of the m molecules as a function of their coordinate position since in this case 
the effect of the molecules other than those held at the coordinate position, 
vanishes. 

The identification of the W, of equation I with a potential of average 
force can only be made for a system obeying the laws of classical mechanics. 
In the case of the quantum mechanical system, the distribution functions 
can be defined in exactly the same manner as in a classical system. The dis- 
tribution functions at zero densities are then those determined by a Slater 
sum over the quantum states of the molecules. It is likely that there exists 
some similar significance to the distribution functions in the liquid, but no 
such significance has ever been shown to exist. 

For a classical system of molecules which interact with van der Waals 
forces it is usually assumed that the potential, U,, may be written as the 
sum of the potentials between the pairs of molecules: 


Un(mi,*** 520) = 2, 2, talrii), Il 


n2i>j2i 
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in which the component pair potentials, u2, depend only on the distances 
r;; between the molecules 7 and j. Equation III is not exactly correct, but can 
be made formally exact by the addition of other sums on the right-hand side, 
namely, sums of functions of triples, 13(xi, yi, 21, Xj, Vj, 23, Xk, Ve, Ze), and of 
quadruples, us, etc. of molecules. Similarly to the assumption of equation III 
it is customary to assume that the potential of average force, W,, can also 
be written approximately as a sum of pair terms: 
Walt, +++, 2n) = Qo wer) +---. IV 
n2i>)21 
It would be a legitimate mathematical problem to treat a model which 
obeyed equation III rigorously, and one would hardly doubt that the be- 
havior of such a model would correspond very closely to the behavior of a 
real system of van der Waals molecules. However, even if equation III holds 
exactly, there is no proof that equation IV would be exact and, indeed, there 
is every reason to believe that it would not be. One of the unsolved problems 
in the theory of liquids is to determine how close an approximation equation 
IV actually is. 
If equation IV is assumed to be correct it means that the distribution 


function for three molecules is a product of the three distribution functions 
for the three pairs: 


F3(™i,° °° , 23) & Fo(riz)F2(r23) Fo(ris). Vv 


This assumption is generally made, and when attempts to compute distribu- 
tion functions are made equation V is usually the one basic, doubtful assump- 
tion. 

In the case of a liquid or a gaseous phase, since the distribution function 
Fi(x1, yi, £1) is equal to unity, the potential of average force Wi(x1, 91, 21) is 
equal to zero, and it is only then that equation IV can be even approxi- 
mately correct. Thus, for a crystal one must write 


Wilt, +++ 52m) = DL mlx, %,2) + DOD wlxi--+, 2) +e--. VI 


n2i21 n2i>i21 
This means that the equivalent of equation V becomes: 
F3(m, +++ , 23) = Fi(1)Fi(2)Fi(3)F.(2, 3) F2(1, 3)F2(2, 3). vil 


Although the distribution function method is equally applicable to any 
thermodynamic phase, crystalline or fluid, it is customarily applied to fluids 
alone since the traditional methods of treating crystals by first making trans- 
formations to normal coordinates have been successful. The complications 
of having to use equations VI and VII instead of the simpler approximations 
of equations IV and V appear to make the treatment of crystals by distribu- 
tion function methods more complicated than the treatment of fluids. 

The pressure of the system depends only on Fs, if III is valid, as does the 
potential energy. The compressibility, B= —V(dV/dP)7, is always deter- 
mined uniquely by F2, and the change of compressibility with pressure by 
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F3, etc. The equations are: 


a= f p2rr*u2(r) F2(r)dr, Vill 
0 
for the average potential energy, #, per molecule, 
1 x d 
P= kT} ee - { 4s — Fu(rart, IX 
OkT Jo dr 


for the pressure, and, 


© 

B= >! + of 4rr?[F2(r) — tldrt, x 
pkT 0 

for the compressibility. 

The general method of obtaining the distribution function is to make use 
of the fact that if the distribution function F,4; is integrated over the co- 
ordinates of one particle, one obtains a function of particles which is 
proportional to the distribution function for one less molecules, namely 
F,. Thus, if a system of N molecules in a volume, V, is treated, one obtains 
the distribution function F, by integrating over the coordinates of all but 
two molecules. In thiscase, one uses the distribution function, Fy, of asystem 
at zero density (1, 2, 8), namely, one given by equation I with Uy replacing 
Wy. This method uses the type of approach made by Gibbs in treating the 
Canonical Ensemble. 

Some increase in simplicity is obtained if one uses the approach of Grand 
Canonical Ensemble method, in which an infinite system of fixed free energy 
rather than fixed number of molecules is treated (7). In this case, one obtains 
the distribution function for molecules by summing over all values of NV 
the probability that there will be N molecules in a fixed volume, V, and in- 
tegrating for each value of N the probability that these molecules will be at a 
fixed position over all values of the coordinates of all but 2 of the molecules. 
The equation one obtains is: 


n 
ePVikT ( Pp ) F,,@ (m1, bole a Zn) = 
ie oN 
a _ ff eee f Fyun (x, ©° © . Bes Mutts? * "ss tn) dXn41 eae dzn XI 
neo WJ! "4 


where 2 is the activity of the molecules defined by 


In z = lim [u(p) — w(p’) |/kT XII 
p’ +0 

and yp is the chemical potential, or partial molar free energy divided by 
Avogadro’s number. Thus 2/p=y is the activity coefficient and z becomes 
equal to the number density p at infinite dilution, namely, when the material 
is a perfect gas. In equation XI F™ is the distribution function at zero 
density given by equation I with the potential energy Uy replacing Wy. 
The advantage of the formulation of equation XI is that one can solve 
for Fy in terms of Fy). One may thus write an equation similar to equa- 
tion VIII for the distribution functions F,,™ at any activity y in terms of the 
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distribution functions F,@ at any other arbitrary activity z. The equation 
takes the form, (7), 


ePy V/kT [22 |, et oe Zn) = 


, y—z)% (z)7" 
eP av ikT > G a [+ ‘] ff bene f Fawn, +++, tugn)d%ngt + * dtagw XIII 
neo WN! Z 


For a system of ¢ components, 1, - - -, s, - + +o, McMillan & Mayer (6) 
have shown that equation XIII is valid if one interprets N and n to be com- 
posite numbers Mi, --- N,, - +: , N, etc. and uses the notation: 

V!= N,!--- No!, XIV 
p% = “i++ pes, XV 
oN = 23,%1---+ gee, XVI 


Now consider that the activity set s corresponds to that of a pure solvent 
component, ¢, with infinitely dilute solute components, 1 ---o@—1 and y 
the activity set in which the solutes have higher activities y: - + - ys: but 
with the same activity, 2,, of solvent. In this case y,—z, =0 and the summa- 
tion on the right of equation XIII contains no terms in the solvent molecules. 
The only distribution functions Fy,,“ that appear are those of the solute 
molecules, and the potential of average force Wy, of equation I is that of 
the solute molecules in infinite dilution of the solute. Equation XIII is then 
formally the same as equation XI with 
elPG@)-P@)|kT replacing e?V/T, 

The quantity P(y) —P(z) is the osmotic pressure. One thus sees that the 
equation for the osmotic pressure of a solution is formally the same as that 
for the pressure of a gas. if only the forces between the solute molecules in 
the presence of the solvent replace the forces between the solute molecules 
in the infinitely dilute gas. 

For small values of z equation XI, or for small values of y—z equation 
XIII, can be solved by making use of the fact that the distribution functions 
approach unity when the distances between the molecules become large. If 
one writes each distribution function as identically unity, the integration 
gives the factor V‘. Solving equation XI for the case »=0 one then finds 

PVT w 2. (sV)* = eV XVII 
N! 
which is the perfect gas law 


P = kTz = kTp XVIII 


since z=p in the limit that both approach zero. If now one does not use 
Fy;n,=1 but writes instead additional terms which differ from zero only 
when pairs or small groups of molecules come close together, one may obtain 
a power series development in z for the pressure, or for any of the potentials 
of average force (6, 7). The same may be done using equation XIII and 
starting at any activity z in which case one obtains power series development 
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in y—z, starting with the perfect solution equation for the osmotic pressure. 

These equations, giving the pressure or any other thermodynamic 
function as a power series, only converge if the two activities y and z are the 
activities of the same thermodynamic phase. Thus if equation XI is used, the 
expression is only valid for the gas phase. If equation XIII is used for the 
case that z corresponds to the infinitely dilute solute and y the concentrated 
solution, then the equations converge up to the solubility of the solute. 

If one wishes to compute the thermodynamic properties or the distribu- 
tion functions at an activity y corresponding to a different phase than the 
activity z at which the distribution functions are assumed to be known, one 
must proceed to an entirely new method. One usually assumes that the 
distribution functions are known only for zero activity, namely, for the 
perfect gas case where they are given by equation I with Uy replacing Wy. 
This means that the equations for a liquid cannot be obtained in terms of a 
power series. The only other approach which shows any sign of success leads 
to integral equations for the distribution functions. The simplest equation 
which can be obtained by this method is one which is intuitively meaningful 
(2) when one understands that the functions Wy are potentials of average 
force. The equation is 


OW, (x, etal 22) /Ox, = Oun(nr, >< , 22)/Ox, 
F3)(x2,+ ++, 23) Ome(m,*** , Za) 
+p fff > _ a dx3dy3dzs. XIX 
F,@)(x, +++ , 2) Ox 


This equation states that the average force acting along x on molecule 1 is 
equal to the direct force (the first term on the right) plus the average force 
due to any arbitrary third molecule. The average force of the third molecule 
is the integral of equation XIX. The density p multiplied by the ratio of the 
distribution function F;/F2 is the probability that a third molecule will be 
at the position x3, y3, 23 when the two molecules are at the position x, - * -, 2. 
If this probability is multiplied by the force of the third molecule acting 
on the first, integrated over all positions of the third, and then added to the 
direct force, one obtains the average force on the left. 

Equation XIX is not easy to solve. The distribution function F.2 contains 
the potential W2 in the exponent as given by equation I. If one accepts the 
assumption made in equation IV, then the distribution function F;3 is also 
determined uniquely by W:2. The unknown function W2, therefore, appears 
on the left of XIX and also implicitly in a complicated manner in the inte- 
grand on the right. The function u2 is assumed to be known. Kirkwood & 
Boggs (2) have solved this equation for the case of the liquid, making some 
approximations. They obtained the type of distribution function similar 
to those obtained by x-ray analyses of liquids. They have also shown that 
under certain conditions no solution of XIX appears to be possible with the 
assumption of equations IV and V, but that one must use equations VI and 
VII with w a triply periodic function in space. The temperature below which 
only such solutions exist is then the temperature at which the liquid freezes. 
Thus, at least formally one has a theory for the freezing of the liquid. 

















CRYSTALLINE AND LIQUID STATE 181 


Although equation XIX can be written directly from a rule that W2 is 
the potential of average force, it can also be derived from equation XI. If, 
in a similar manner, one uses equation XIII with y=0, one obtains an equa- 
tion similar to XIX in which, however, W2 and uz have exchanged places 
and in which the distribution function in the integrand is that at zero 
activity (7). One thus has the unknown function appearing only linearly 
in the equation. No attempt has been made to solve the equation using this 
form, but it would seem to offer some advantages. However, the approxima- 
tion in the latter formulation is somewhat different from the approximation 
which enters into XIX. In solving XIX, the equation as it appears is exactly 
correct provided one assumes equation III to be valid. In order to solve the 
equation, however, one must make the assumption of equations VI and V. 
If, on the other hand, equation XIII is used with y=0, a sum of integrals 
appears on the left of the equivalent to XIX. The sum can be cut off with the 
first member if equation IV is assumed to be valid. It is not obvious that the 
assumptions IV and V in either case is a good assumption, but it is also not 
obvious that it might not be a better assumption using one method than the 
other. 

The general method by which the integral equation XIX can be derived 
can be applied to equation XIII to obtain a complicated set of equations 
similar to XIX for any of the potential functions Wy. By using the two 
alternative choices of equation XIII that either z=0 or y=0, one obtains 
reciprocal equations in which the W’s and the U’s are interchanged and the 
kernels which are the distribution functions are in one case the unknown 
functions of the activity z and in the other case the known functions at 
activity zero (7). This reciprocal set of equations have a formal similarity to 
the typical Fredholm integral equation with an ordinary kernel and its 
reciprocal. Thus, in a very formal manner the distribution functions at any 
two activities z and y are related to each other in a similar manner to the 
relation between a Fredholm kernel and its reciprocal. The reciprocal of a 
Fredholm kernel is a unique function, dependent on the parameter of the 
equation except at the eigenvalues of the parameter, for which the homogene- 
ous equation has a solution. The reciprocal kernel approaches two different 
functional forms as the eigenvalue is approached from the two different sides. 
The quantity corresponding to the parameter of the Fredholm equation in 
the set of equations similar to XIX is In z. Taking the analogy of the Fred- 
holm case over to the set of equations one obtains from XIII, one sees that 
eigenvalues of the corresponding homogeneous equations are the values of 
the In z at which phase transitions occur. At the activity at which two phases 
are stable, one has no unique set of distribution functions since they may be 
those corresponding to either of the two phases or to a mixture of the two. 
The distribution functions approach different functional values as the transi- 
tion is approached from the sides. 

This formalism is unsatisfactory insofar as the complicated sum of kernels 
which occurs, and which can be regarded as an operating matrix, is not 
symmetrical. If, however, the assumption of equation IV is made and 
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strictly adhered to, the equation simplifies, and the kernel can be sym- 
metrized. 

Born & Green (8) have extended the concept of distribution functions to 
include probability density in coordinate and momentum space. Indeed, 
they have extended the concept to include not only coordinates and momenta 
but also accelerations, changes of accelerations with time, etc. By introducing 
this extension, they are able to write equations for the change with time of 
the functions without making use of the assumptions of Gibbs. The equilib- 
rium solutions of these equations then reduce to equations such as XIX or 
the more general set similar to XIX. Green has attempted a solution of XIX 
making drastic assumptions which lead to an equation for the distribution 
function previously derived by Montroll & Mayer (5) for the gas case. Since 
the Montroll-Mayer solution which was obtained by a power series develop- 
ment cannot apply to the liquid, there is doubt that the assumption used by 
Green would be valid for the liquid case. 

Both Kirkwood (3) and Born & Green (8) have developed formal equa- 
tions which are suitable to treating a nonequilibrium system, namely, one in 
which some time change is occurring. The equations then lead to a formula- 
tion in which quantities like the viscosity of the liquid and diffusion co- 
efficients can be evaluated. Born & Green use the formulation of the distribu- 
tion functions as functions of coordinates and momenta and express the 
equations for the time change of these distribution functions. Stationary 
state solutions in which there is bulk motion of the fluid but in which the 
distribution functions are time independent are obtained. The forces or other 
boundary conditions which have to be applied at the walls of the system in 
order to maintain these solutions lead to expressions that involve the viscos- 
ity or other transport coefficients. The equations are completely formal and 
have not yet resulted in practical methods for evaluating the viscosity of 
even a simple liquid. 

The Kirkwood treatment (3) starts with a method which is entirely differ- 
ent from that of Born & Green. Kirkwood considers the problem of Brownian 
motion. A molecule having an abnormal momentum has a high probability 
that in the next collision the magnitude of its momentum will be reduced. 
Indeed, in a fluid at rest, a molecule having any momentum vector other 
than zero at time ¢=0 will have a most probable momentum at any later time 
t which is smaller in magnitude than that at t=0. This type of treatment of 
Brownian motion, the Stochastic method, is described fully by Chandrase- 
khar (9). Kirkwood has used this type of treatment to apply to the liquid 
state and has obtained formal equations not fundamentally different from 
the equations of Born & Green for viscosity and for diffusion coefficients. 
Neither for Born & Green’s equations nor for Kirkwood’s has a satisfactorily 
simple method been evolved to obtain numerical calculations for viscosity 
coefficients (4). However, these methods, which are fundamentally rigorous, 
give some hope that progress may be made in this respect. 

Zimm (10) has made use of the distribution function equation to make 
deductions concerning the dependence on molecular weight of the deviations 
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from perfect solution laws, of solutions of high molecular weight solutes. He 
has also (11) used this approach to deduce the laws of light scattering in 
liquids. 


CELL METHOD COMPUTATIONS 


The equations described so far, either for the equilibrium liquid or for the 
steady state configurations in which transport takes place, are all cumber- 
some for purposes of numerical computation. Various other approaches have 
been used which lead to simpler but less exact equations that lend themselves 
more readily to numerical evaluations. Many of these approaches are semi- 
intuitive in nature and in some cases suffer from the defect that concepts 
which are not quite rigorously defined enter into the description. Thus, 
theories of liquids in which use is made of the fact that the arrangement of 
the molecules in the local neighborhood of one central molecule must be 
somewhat crystalline in character have shown some success. In developments 
of this sort, it is frequently assumed that an arbitrary crystalline lattice has 
one molecule at each lattice site, or it may be assumed that some of the 
lattice sites are vacant (12 to 19). The vacant lattice sites, or holes, play a 
considerable role in some treatments. One of the earliest developments of 
this sort was that of Lennard-Jones & Devonshire (20) who developed a 
theory of melting along these lines. They considered a crystalline lattice 
which consists of the perfect lattice of real crystals plus interstitial sites 
which are unoccupied in the perfect crystalline phase. As the temperature 
rises the probability that an atom leaves the normal site and occupies any 
interstitial position increases. Melting occurs when this process catastrophi- 
cally increases until interstitial sites have the same probability of being 
occupied that the regular lattice sites do. 

In line with this method of attack various calculations have been made 
of the thermodynamic properties of fluid systems. In some cases, care has 
been taken to compare the forces between molecules which have been as- 
sumed with those fitting the corresponding crystals (21, 22). The assump- 
tions and concepts used have been examined critically by Kirkwood in a 
paper now in press (23). 

Kirkwood considers the volume of the system to be divided into as 
many cells as there are molecules and he arranges the cells in some arbitrary 
lattice arrangement such as a close-packed lattice. Among the various 
possible distributions of the molecules into the cells, consider only the case 
in which there is exactly one molecule to each cell. Introduce, then, a dis- 
tribution function, Fi(x, yi, 2:) defined only in the volume of a single cell and 
giving the probability that a molecule will be at the position x;, y:, 2: meas- 
ured from the center of the cell. Now ask what distribution function F, leads 
to a minimum free energy for the complete system. One obtains an integral 
equation: 


Wile, oe) = +E f f fulredFilxay Yay fa)dxad yada, XX 
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in which c is a normalization constant, the summation over a@ is over all the 
cells in the neighborhood of the central cell, and rig is the magnitude of the 
vector drawn from the coordinate position x1, 1, 2: (measured from the origin 
of the central cell) to the coordinate position xa, Ya, Za (measured from the 
origin of cell a). Equation XX then gives the distribution function which 
gives the minimum free energy. A zero’th order approximation to the solu- 
tion of equation XX is 


Wi(n, nm, 1) =e + Dd. ulna). XXI 


This is obtained by the very simple process of using a 6-function to replace 
the distribution function, F,, in the integral on the left-hand side of XX. The 
6-function is nonzero only at the origin of the cell and integrates to unity. 
The simplified solution XXI is the solution used by Lennard-Jones and 
others to compute equations of state. 

By formally including the configurations in which there are vacancies 
and double or more occupancies of cells, one sees that these terms contribute 
the communal entropy frequently introduced in other descriptions but 
usually only vaguely defined. At sufficiently high densities this communal 
entropy should approach zero, and at low densities should have the value R 
per molecule (24, 25). 

It is possible to extend Kirkwood’s treatment by considering that the 
division of the volume of the system into cells is made into an arbitrary 
number, C, of cells with C greater than N, the number of molecules. One may 
then write an equation for the value of, N/C<1, which leads to a minimum 
free energy. The equations obtained are not fundamentally more complicated 
than those derived by the case N/C=1 and must lead to a closer value for 
the free energy of the system, from the principle that the solution with 
minimum free energy is the equilibrium solution. In this case, the neglected 
configurations in which there are more than one molecule per cell could be 
said to represent the communal entropy, but it is clear that since the value 
would be different than in the case N/C=1, the communal entropy is seen 
to depend upon the method of computation. Indeed, this character of the 
communal entropy, namely, that it can only be defined in terms of a pre- 
cisely stated method of computation, is responsible for considerable con- 
fusion in the literature. 

In connection with these somewhat less rigorous theoretical approaches 
to a general method of computation by statistical mechanical methods of the 
properties of liquids, one should point out that various more frankly empiri- 
cal attempts have been made to improve our knowledge of the generaliza- 
tions which can be drawn from experimental data (26, 27, 28). Hildebrand 
has used the observed properties of the tetrahalide liquids to make valuable 
deductions concerning the forces between molecules of this type (29, 30). 
X-ray measurements have contributed (31 to 37). to our knowledge of the 
experimental character of the pair distribution function, F2(r). 
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Various papers have been written on the law of corresponding states. 
Pitzer (38) has pointed out that a system of spherical molecules without 
internal degrees of freedom obeying classical mechanics (or molecules whose 
mutual interaction potentials are independent of the internal coordinates) 
will obey a law of corresponding states, if the mutual potential, ~2(r), of 
pairs may be written in the form u2=u(r/ro) with uo and ro dependent on 
the molecule, but ¢(x) a universal function of the argument. The properties 
of the system will depend on kT/up and V/r,'; the critical temperatures and 
pressure will be at definite numerical values of these dimensionless quan- 
tities. Guggenheim (39) has discussed this, and presented the empirical evi- 
dence, including surface tension and other properties. He finds that the 
crystalline state obeys the rule less well than the two fluid states, presumably 
due to the fact that the interaction of the internal degrees of freedom with 
the mutual interaction potential of the molecules plays a greater role in the 
crystal. 

Murphy & Rice (22) and de Boer & Blaisse (40, 41) have discussed the 
case that the molecular weight is so low that the translational degrees of 
freedom show quantum deviations from the classical behavior. For this case, 
de Boer introduces the parameter A* =h/+/muore?, with uo and ro described 
above. When A*=0, the behavior is classical, which is the normal case of 
large molecular weight, m. If A* differs appreciably from zero, the equation 
of state, even after change of temperature and volume to the reduced scale, 
shows quantum deviations from the normal behavior. By empirically com- 
paring the state equations of helium and hydrogen having relatively large 
values of A* with the cases A* =0, de Boer predicts the state equation of iso- 
topic species of these elements. The results appear to be eminently satis- 
factory. 

ORDER-DISORDER PROBLEMS 


A large amount of work has been done on the theory of simple binary 
solutions in a crystalline lattice. The model most frequently assumed applies 
equally to ferromagnetism and, if the cell method is used, to binary liquid 
solutions (42). 

The simple model is as follows: Assume a system composed of N mole- 
cules situated at the N lattice sites of a simple crystalline lattice. Let Ng of 
these molecules be of type a, and Nz, of type 6; then Na+N,=N. The po 
tential energy of the system is assumed to be the sum of the pair potentials 
of the neighbors only, so that if the lattice is one of coordination number Z 
then there are 0.5 ZN pair terms. The potential between two neighboring 
pairs, both of type a is taa, both of type b is mp, and if one is of type a and 
the other of type b, the potential is tay. 

The potential energy then depends only on the numbers of a-a, of b-6, 
and a-b pairs. The entropy consistent with a given energy is k times the 
logarithm of the number of configurations possible with the given pair dis- 
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tribution. The system will seek the distribution of lowest free energy, energy 
minus TS. If uep>0.5(taat+uss), the lowest energy will be found when the a 
type and 6b type molecules crystallize separately with a minimum and 
negligible number of a-b pairs. However, at high temperatures the increased 
entropy of a disordered arrangement makes that distribution have a lower 
free energy. 

The model corresponds reasonably closely to such binary alloys as 
Cus3Au (43) or other metal alloys in which order-disorder transitions are 
known to occur. Various mathematical treatments (43 to 51) have been 
proposed and carried out for the model. Lawson (52) has discussed a more 
frankly empirical approach to the phenomena observed. 

Onsager (53) and Ashkin & Teller (54) have dealt with the two dimen- 
sional lattice analogue of the model. In this case, Onsager has obtained a 
complete solution following a method suggested by Kramers & Wannier 
(55), who showed that the computation of the partition function can be 
reduced to an eigenwert problem. The model will have a transition without 
finite energy change, but at which the specific heat becomes logarithmically 
infinite as the transition temperature is approached. This is the first time that 
a model exhibiting the phenomenon of phase transition has lent itself to 
exact and rigorous mathematical treatment. 
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EXPERIMENTAL MOLECULAR STRUCTURE! 
By J. Y. BEACH 


California Research Corporation, Richmond Laboratories, 
Richmond, California 


INTRODUCTION 


Experimental information on the structure of molecules has been ob- 
tained by a variety of methods. The modern physical chemical methods in- 
clude: infrared, ultraviolet, and Raman spectroscopy, x-ray and electron 
diffraction, dipole moments, thermodynamic measurements, and microwave 
spectroscopy. The methods of molecular spectroscopy (except for the micro- 
wave region) and the determination of the atomic structure of crystals by 
x-ray diffraction are discussed elsewhere in this volume. 

No attempt is made to give a complete account or a complete bibliog- 
raphy in any of the above fields. Instead, certain topics which are considered 
to be of interest will be presented in some detail at the unavoidable expense of 
some others. Because there has been no recent review of the subject, a fairly 
complete account has been given of the present status of the determination of 
the structure of gas molecules by the diffraction of electrons. Results from 
all of the experimental methods that are pertinent to a discussion of rotation 
of groups around single bonds have been brought together in a general dis- 
cussion of this subject. In view of the state of flux of present ideas regarding 
the structure of boron compounds, a résumé of recent information on these 
structures is given. The startling success of microwave spectroscopy in ob- 
taining quantitative information on interatomic distances in molecules was 
thought to deserve a short account. The study of the structure of gas mole- 
cules by the diffraction of x-rays appears to have become completely inactive 
and will not be discussed. No attention has been given the empirical correla- 
tion of molecular absorption frequencies and Raman frequencies with struc- 
tural and functional groups. 


ELECTRON DIFFRACTION 


Electron diffraction continues to be the principal source of new informa- 
tion on the structure of molecules. Since the first application of this method 
by Mark & Wierl (1), several hundred different molecules have been studied. 
Some of the results have been inconclusive, but most of the studies have pro- 
vided new information on interatomic distances, bond angles, and rota- 
tional configurations in molecules. The method used for obtaining the electron 
diffraction patterns has not changed fundamentally since the first work. 
A well collimated beam of mono-energetic electrons, accelerated by about 
40,000 v., is allowed to intersect a fine jet of the vapor of the substance to be 


! This review covers approximately the period from January, 1940 to January, 
1950. 
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investigated. The diffraction pattern is recorded on a photographic plate. 
Interpretation of this diffraction pattern leads to information on the strut- 
ture of the molecules which produced the diffraction. The electron diffrac- 
tion method has been very generally applicable because there are very few 
requirements, such as a nonzero dipole moment, a small moment of inertia, 
a high polarizability, or a high crystal symmetry which the substance must 
satisfy before the study can be begun. When a large number of parameters 
are required to specify the structure of a molecule, electron diffraction data 
may not lead to definite results. However, part of the structure can be deter- 
mined in most cases and in many cases quantitative results can be obtained. 
Because of their small scattering power, hydrogen atoms cannot usually 
be located. The reviews of Brockway (2), Beach (3), and Maxwell (4) give 
good accounts of the experimental techniques which have been used, the 
methods for interpreting diffraction data in terms of structure, and the molec- 
ular structure information which had been obtained up to 1939. Allen & 
Sutton (5) have very recently published a compilation of the molecular 
structures which have been determined by electron diffraction. They in- 
clude all of the results published up to September, 1949 and a number of 
unpublished results communicated privately from several laboratories. 
Experimental.—Since the previous reviews (2, 3, 4), there have been 
gradual changes and improvements in experimental techniques and meth- 
ods of interpretation. Molecules of relatively nonvolatile substances can now 
be studied by using high temperature introduction systems for maintaining 
adequate vapor pressures of the sample. Faster pumping systems are now 
available for maintaining high vacua. More stable high voltage sources are 
now used to produce the high voltage electrons. Finbak (6) and Debye (7) 
have suggested a new accessory to assist in obtaining diffraction data which 
would be more suitable for interpretation. They proposed the use of a rotat- 
ing sector centered on the undeviated electron beam, with an opening that 
increases with scattering angle. This tends to increase the intensity of the 
scattering at high scattering angles in relation to the scattering at small 
scattering angles. This is intended to compensate for a troublesome feature 
of electron diffraction patterns—the intensity of scattering decreases very 
rapidly with increasing scattering angle. An electron diffraction pattern, 
which is necessarily cylindrically symmetrical and appears to the eye as a 
series of concentric rings of maximum and minimum intensity, actually 
consists of a series of humps or shelves on a rapidly falling background. With 
the sector, it was hoped that the humps on the rapidly falling background 
would be converted to actual maxima and minima on a slowly falling back- 
ground. It was also hoped that the new patterns would be more susceptible 
to quantitative interpretation in terms of molecular structure. However, 
experimental difficulties have been considerable. The sector must be ac- 
curately centered. The field from the motor which rotates the sector must not 
distort the beam. The equation for the sector opening should take into ac- 
count at least approximately the coherent atomic scattering for the molecule 
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in question, the incoherent atomic scattering for the particular molecule, 
and the smooth part of the coherent molecular (interference between atoms) 
scattering. These difficulties prevented a rapid adoption of the sector 
technique. However, hopes for the sector method are beginning to be 
realized. Viervoll (8) has described a procedure that has been tested in several 
structure determinations. Hassel & Viervoll (9) describe the successful appli- 
cation of the method to a considerable number of molecules. Karle & Karle 
(10) have reported a sector procedure which is similar experimentally, but 
differs somewhat in method of calculation from that of Viervoll. Hastings & 
Bauer (11) have also reported a sector procedure and its application. The 
great majority of the molecular structures which have been determined by a 
sector technique have been reported by Hassel, Viervoll, and co-workers. 
The advantages of the method now appear to have been demonstrated, and 
it seems safe to predict that most future electron diffraction structure 
determinations will be carried out with the aid of a sector procedure, or the 
equivalent, for leveling out the diffraction pattern. 

Inter pretation.—Interpretation of electron diffraction patterns is accom- 
plished partly by a visual correlation method. This consists of calculating 
theoretical diffraction curves for a series of assumed molecular models and 
choosing the best model from a qualitative and quantitative comparison of 
the calculated curves with a visual evaluation of the experimental diffraction 
pattern. The simplest form of the equation for the theoretical intensity 
curve is 

I(s) = >> > 2:2 (sin rijs/rijs) 
‘ 7 
where s=(42/X)sin(6/2), X is the wavelength of the electrons, @ is the angle 
of scattering, r;; is the distance between the i and j atoms, and Z; is the 
atomic number of the zt" atom. This equation gives a series of maxima and 
minima of different heights and shapes, which on the average decrease in 
magnitude as s increases. An equation of this type was first derived by Debye 
(12) to express the diffraction of x-rays by gas molecules. For a more accurate 
representation of the diffraction of electrons, the atomic numbers should be 
replaced by the atomic form factors.? The atomic form factors have a strong 
dependence on scattering angle and are responsible for the rapid decrease in 
the intensity of the diffraction pattern at large angles. Each term in the above 
summation should include a temperature factor. These factors have the form 
exp(—aj;;s?), where a;; is one-half the mean square of the displacement of 
the equilibrium distance between the i“ and j atoms due to thermal motion. 
This factor is unimportant for interatomic distances between atoms other 
than hydrogen atoms joined by strong chemical bonds. In such cases aj; 
is small and the temperature factor is approximately equal to unity. For terms 


2 For the derivation of the atomic form factors which express the angular distri- 
bution of the elastic scattering of high velocity electrons by atoms see Mott & 
Massey (129). 
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involving atoms not bonded together directly and all terms involving hydro- 
gen atoms, a;; is sufficiently large that the temperature factor ought to be 
used in the calculations. The extent to which the simplified intensity function 
given above can be used was discussed by Pauling & Brockway (13). In 
recent work, temperature factors have been included in intensity calculations. 
In some recent work, the atomic numbers have been replaced by numbers 
which are more nearly proportional to the atomic form factors. 

An important supplementary method for interpretation of diffraction 
data is provided by a procedure analogous to the Fourier synthesis method 
used in interpreting the x-ray diffraction data from crystals. Pauling & 
Brockway (14) developed a Fourier integral expression for the radial distri- 
bution of atoms in gas molecules from electron diffraction data. The simplest 
form of this equation is D(r) =}°,,J(so)(sin sor/sor); so is the observed value 
of s for a maximum or minimum in the diffraction pattern. I(so) is the esti- 
mated height or depth of the corresponding maximum or minimum. More 
elaborate formulas, developed by Degard (15), Schomaker (16), Walter & 
Beach (17), Shaffer, Schomaker & Pauling (18), Viervoll (8), and Karle 
& Karle (10), give somewhat more detailed and reliable results. Karle & 
Karle state that their radial distribution functions obtained from data taken 
with a rotating sector are sufficiently precise to provide not only the equilib- 
rium internuclear distances, but also, from the width of the peaks, the aver- 
age amplitude of the vibrational motion between atoms. Attempting to 
obtain vibrational amplitudes in this way places a very high and perhaps 
impossible requirement on the accuracy and significance of the experimental 
measurements. It is believed that further consideration is in order before 
this procedure is accepted as a method for obtaining vibrational motions in 
molecules. 

The most important recent development in the application of electron 
diffraction to the determination of the structures of gas molecules has been 
the adaptation of punched card computing techniques to electron diffraction 
calculations. Shaffer, Schomaker & Pauling (18) have shown how punched 
cards and International Business Machine Corporation equipment can be 
used to facilitate these calculations. Heretofore, electron diffraction calcula- 
tions, even with motor-driven adding and calculating machines and special 
tables, have been tedious and time consuming. The thoroughness of electron 
diffraction work has occasionally been limited by this factor. The above 
authors have derived modified equations which are susceptible to evaluation 
by International Business Machine punched card procedures. This has been 
done for the intensity function and the radial distribution function. The 
new equations are expressed in terms of sin 7;;s and sin sor instead of in terms 
of sin 7;;8/rijs and sin sor/sor. The equipment used in this application is the 
card perforator, the sorting machine, and the alphabetic-numeric accounting 
machine. The cards are punched to contain values of A sin yx and are organ- 
ized in a way that allows the summations required in the equations to be 
carried out by machine. The most obvious advantage of this is the saving of 
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time. Another advantage is that it becomes practicable to compute more 
points on intensity curves and radial distribution curves. This makes the 
curve drawn through the plotted points a truer representation of the real 
curve. Probably the most important advantage is that with rapid computing 
equipment, it becomes feasible to make computations for more different kinds 
of molecular models and include better temperature factors and accordingly 
make a more thorough interpretation of the diffraction data. The advantages 
of the machine computing methods, which have been demonstrated in the 
interpretation of diffraction data by the visual method, will be just as great 
when used for the interpretation of data obtained with a rotating sector 
technique. 

Ozone.—There has been a discrepancy for some time among the struc- 
tures reported for the ozone molecule. An electron diffraction investigation 
(19) reported an O—O bond distance of 1.26+0.02 and O—O—O angle of 
127+3°. A spectroscopic investigation (20) has reported that the oxygen 
atoms are at the corners of an isosceles triangle having an apical angle of 
about 34°. The two equal O—O distances are about 1.8 A, and the other O—O 
distance is about 1.0 A. The interatomic distances, and accordingly the 
theoretical electron diffraction patterns, are so different for the two models 
that it appears impossible to reconcile the acute-angled structure with the 
electron diffraction data. From a knowledge of the structure of other triatom- 
ic molecules and other oxygen containing molecules, the acute angled struc- 
ture is difficult to understand. In no other molecule have two oxygen atoms 
been observed to be so close together. No familiar electronic structure would 
predict such a structure. The discrepancy has recently been partially resolved 
by the discovery of a new absorption band (21) in the infrared spectrum 
of ozone, resulting in a different assignment of fundamentals. A calculation 
(22) that is compatible with the new assignment yields molecular parameters 
in closer agreement with the electron diffraction results, although complete 
agreement has not been achieved. 

Nitrogen dioxide-—The structure of nitrogen dioxide has been determined 
(23). The N—O distance is 1.20 +.0.02 A, and the O—N—O angle is 132 +3°. 
There are some other divergent values for these parameters obtained from 
partial spectroscopic analyses. The electron diffraction values are probably 
correct to the stated accuracy. 

Covalent bond radii.—A revision of the Pauling-Huggins single covalent 
bond radii (24) for atoms in the first row of the periodic table has been pro- 
posed by Schomaker & Stevenson (25) on the basis of electron diffraction 
measurements. The single covalent radii of the atoms in the first row of the 
periodic table were developed, in brief, as follows. The single covalent bond 
radius (26) of carbon was taken as half the distance between carbon atoms 
in diamond. The single covalent radius of nitrogen was obtained by subtract- 


3 For a detailed account of the development of bond radii for molecules and for 
crystals see reference (26). 
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ing the carbon radius from the carbon-nitrogen distance in trimethyl amine. 
The single covalent radius of oxygen was obtained by subtracting the carbon 
radius from the carbon-oxygen distance in dimethyl ether. The fluorine bond 
radius was obtained by subtracting the carbon radius from the carbon- 
fluorine distance in methyl fluoride. At the time this was done, it was not 
possible to obtain the nitrogen, oxygen, and fluorine radii directly from inter- 
nuclear distances in molecules containing N—N, O—O, or F—F single co- 
valent bonds. Now, however, these bond distances are known in hydrazine 
(27), hydrogen peroxide (27), and fluorine (28). Schomaker & Stevenson 
point out that the new distances are considerably different from the values 
predicted by the previous table of radii (26), the observed distances being 
larger. For instance, twice the single bond radius (26) for oxygen is 1.32 A 
while the observed O—O distance in hydrogen peroxide (27) is 1.47 A. 
They propose that the radii for nitrogen, oxygen, and fluorine should be 
consistent with the new measurements, i.e., half the observed internuclear 
distances in hydrazine, hydrogen peroxide, and fluorine. If this is done, the 
observed distances in trimethyl amine and dimethyl] ether no longer equal 
the sum of the radii, being in each case less. However, a procedure that 
appears to be successful and significant has been proposed (25) to account 
for this on the basis of the differences in electronegativity (29). In the new 
radius table, the radius for hydrogen is one-half the spectroscopically ob- 
served internuclear distance for the hydrogen molecule. Whenever possible, 
the bond radius for an atom has been taken equal to half the observed inter- 
nuclear distance for a bond involving two of the same kind of atoms. Using 
these radii and an equation involving electronegativities, internuclear dis- 
tances have been computed for a large number of bonds and the results 
compared with experimental values for the same bonds. This method of 
computing bond distances will probably be improved at a later date when 
more data are available. However, in its present form, it represents a signifi- 
cant advance in the correlation of interatomic distances. It is increasingly 
evident that no single set of bond radii with the principle of additivity can 
account for all interatomic distances. As more interatomic distances have 
been observed and as the accuracy of the determinations has increased, the 
theories to account for the observed distances have needed revision and elab- 
oration. This will doubtless continue in the future. It is already apparent 
that accounting for observed internuclear distances involves normal covalent 
radii, differences in electronegativity of the bonding atoms, the possibility 
of resonance or the contribution of more than one formal electronic structure 
to the actual electronic structure, and the multiplicity of the bond (single, 
double, or triple bond). Of course, if the quantum mechanical problem pre- 
sented by the polyelectronic molecules could be solved exactly, all equilib- 
rium internuclear distances could be computed directly and compared 
with the observed values. 

Gas molecules containing a metal atom.—A considerable number of metal 
tetrahalide molecules have been shown by electron diffraction to have a regu- 
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lar tetrahedral structure [see (4)]. Most of these molecules contain an atom 
from group IV of the periodic table of elements so the tetrahedral structures 
were to have been expected (30). Recently (31) an electron diffraction study 
has been made of vanadium tetrachloride. The central atom of this molecule 
contains an unpaired electron. It would not be unreasonable to expect that 
this would have a steric effect which would result in a structure having a 
lower symmetry than the regular tetrahedron. However, the electron diffrac- 
tion results show that the molecule has a regular tetrahedral structure, the 
odd electron having no detectable distorting effect. 

Tellurium dibromide vapor has been studied spectroscopically and by 
electron diffraction in attempts to determine its structure. The angle between 
the two Te—Br bonds has been reported by different investigators as being 
115° and between 150° and 180°. A recent electron diffraction investigation 
(32) has obtained a value for this angle of 98+3° and a tellurium-bromine 
distance equal to that reported by the previous electron diffraction study. 
It is interesting to compare this bond angle with those reported for other 
Group VI dihalide molecules. Sulfur dichloride (33) has a CI—S—CI angle 
of 101°, and chlorine monoxide (2) has a CI—O—CI angle of 115°. These 
results support the idea (26) that Group VI atoms having two covalent 
bonds tend to have a bond angle of 90° except for the distorting effect of the 
atoms attached to the central atom. 

The tellurium atom in the tellurium tetrachloride molecule has four co- 
valent bonds plus an unshared pair of electrons. As in the case of vanadium 
tetrachloride, which has one unshared electron, it is interesting to know if 
the unshared pair has an observable steric effect on the structure of the 
molecule. The first evidence that tellurium tetrachloride does not have a 
symmetrical structure was provided by a dipole moment measurement by 
Smyth, Grossman & Ginsburg (34). These authors obtained a dipole moment 
of 2.5 D for tellurium tetrachloride in dilute benzene solution. This showed 
that the molecule could not have a symmetrical tetrahedral structure or a 
square structure, but it did not indicate what kind of unsymmetrical struc- 
ture the molecule possessed. An electron diffraction investigation has shown 
(35) that the chlorine atoms occupy two equatorial positions and the two 
apical positions of a trigonal bipyramid. Presumably the other equatorial 
position of the bipyramid is occupied by the electron pair. Tellurium tetra- 
chloride is the first tetrahalide molecule which has been shown not to have 
the structure of a regular tetrahedron. 

Additional evidence has been obtained that the hexafluoride molecules 
of elements in subgroup VI of the periodic table are not regular octahedra. 
A recent electron diffraction investigation of uranium hexafluoride (36) 
confirms an earlier electron diffraction result (37) that the uranium-fluorine 
bonds are not all of the same length. The bond lengths range from 1.87 A 
to about 2.2 A. The symmetry of the regular octahedron is retained approxi- 
mately. The later investigation uses a rotating sector technique and provides 
more detailed information on bond distances than was available previously. 
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The other subgroup VI hexafluoride molecules are probably distorted (37) 
in the same way. According to existing information (2) the group VI hexa- 
fluoride molecules SF., SeFs, and TeF, are regular octahedra. 

C;Hs isomers—spiropentane.—It was first shown by Gustavson (38) 
that debromination of pentaerythrityl tetrabromide produced a light hydro- 
carbon having an empirical formula of C;Hx. Various structures were assigned 
to it including the spiropentane structure. However, Philipov (39) obtained 
evidence that the principal products of the reaction were methylene cyclo- 
butane and methyl cyclobutene. Rogowski (40) interpreted an electron 
diffraction study as proving that the reduction product contained mainly 
spiropentane. An electron diffraction investigation by Bauer & Beach (41) 
showed that the purified major product of this reaction furnished by Whit- 
more could not be spiropentane, but that it was possible to interpret the data 
in terms of methylene cyclobutane. This was consistent with the work of 
Whitmore & Williams (42). The results of Rogowski have not been satis- 
factorily accounted for, although it would appear that the reduction product 
usually obtained is primarily methylene cyclobutane. 

Murray & Sevenson (43) have made a careful study of this reaction using 
Raman spectroscopy to assist in the interpretation. A Raman spectrum of 
the whole product of this reaction could not be completely accounted for 
by methylene cyclobutane or 2-methyl-1-butene; 2-methyl-1-butene was 
shown to be a minor product by Whitmore & Williams (42). The spectrum 
contained two new Raman lines which they suspected might represent a 
small concentration of spiropentane. Different conditions for the reduction 
of the pentaerythrityl tetrabromide were employed which greatly increased 
the yield of the new component. The reduction of the bromide by zinc was 
carried out in molten acetamide instead of in ethyl alcohol. Purification gave 
a new substance which after further spectroscopic study was assigned the 
structure of spiropentane. An electron diffraction study of this same prepara- 
tion by Donohue, Humphrey & Schomaker (44) confirmed the assignment 
of structure. Spiropentane appears to have an extraordinary chemical stabil- 
ity. The average carbon-carbon internuclear distance in spiropentane of 
1.49 A is unexpected, being significantly shorter than the usual carbon- 
carbon single bond distance of 1.54 A. 

A later electron diffraction study of methylene cyclobutane (45) reports 
the same interatomic distances as the earlier sttdy (41). The same paper 
presents a method of synthesis and electron diffraction results on another 
isomer, 1-methyl-cyclobutene. The interatomic distances reported for these 


compounds are in agreement with the values predicted from the covlaent 
bond radii (26). 


ROTATION ABOUT SINGLE BONDS 


The term single bond usually refers to the simplest electron pair or co- 
valent bond between two atoms in a molecule which is usually organic. The 
bond is considered to be responsible for holding the two atoms together. 
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The existence of these bonds was postulated as part of a theory (46) to ac- 
count for the number and types of organic compounds which had been 
observed or could be prepared. A particular bond in a particular molecule 
has a dissociation energy and an equilibrium internuclear distance. These 
properties of covalent single bonds have been accounted for in terms of quan- 
tum mechanics (47). 

Nothing in the postulated or derived properties of the single covalent 
bond would suggest a potential energy change as one end of the bond is 
rotated with respect to the other. On the contrary, the properties of single 
bonds are supposed to account for the fact that it has not generally been 
possible to separate isomers which differ from one another only in the 
relative orientation of two parts of a molecule joined together by a single 
bond.‘ Accordingly, the change in potential energy during rotation about a 
single bond or ‘‘internal rotation’’ must be small enough to allow rotational 
interconversion at a reasonable rate at ordinary temperatures. A potential 
barrier of not over 20,000 cal. per mole between two different stable rotation- 
al configurations would probably be sufficiently low to account for the non- 
occurrence of stable rotational isomers. Accordingly, while these barriers 
cannot be very large, it is not justified to assume that they are zero. The 
determination of the stable rotational configurations of molecules containing 
single bonds and the magnitudes of the potential barriers to internal rotation 
has been a very active field in recent years. 

Aliphatic hydrocarbons.—The first quantitative experimental information 
on the magnitude of a potential barrier to rotation about a single bond 
was the interpretation of Kemp & Pitzer (48) of the third law entropy of 
ethane and the heat of hydrogenation of ethylene in terms of restricted rota- 
tion of the methyl groups in ethane with respect to each other. Assuming a 
three minimum sinusoidal potential barrier, these thermodynamic quantities 
were best accounted for by a barrier amplitude of about 3,000 cal. per mole. 
Similar interpretations have been made of the thermodynamic quantities 
of other light hydrocarbons. The methods for making these calculations and 
the detailed results have been described by Pitzer (49). In order to obtain 
agreement between the observed calorimetric entropy of ethane, propane, 
n-butane, n-pentane, n-hexane, isobutane, neopentane, and some other 
hydrocarbons and the entropies calculated from molecular weight, molecular 
dimensions, and vibration frequencies, it is necessary to assume a restricting 
potential to internal rotation about all the carbon-carbon single bonds. 
All the potential functions have three minima of approximately equal depths 
of about 3,400 cal. per mole. 


‘ The existence of stable separable isomers differing only in their rotational con- 
figuration around a single bond is known for a certain class of substances. These are 
the 2,2’,6,6’ tetrasubstituted biphenyls. A large number of compounds of this type 
have been resolved into optical isomers (130). This demonstrates restriction of rota- 
tion around the carbon-carbon single bond brought about by the steric effects of 
the unusually large concentration of atoms near the single bond. 
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There is nothing in the above entropy correlations that indicates which 
configurations of the molecules are the most stable. For instance, in ethane 
are the stable configurations the ‘‘eclipsed’’ ones (point group symmetry 
D3,) or the “staggered’’ ones (point group symmetry Dy)? In the Dz, 
structure the methyl groups are oriented so that the hydrogens on opposite 
ends of the molecule are as close together as possible. In the Dg structure 
the hydrogens on opposite ends of the molecule are as far apart as possible. 
From the classical notion of steric hindrance in organic chemistry it would 
seem likely that the stable orientation would be the Dzg structure. This 
view is supported by the information from x-ray diffraction that in crystals 
of long chain normal hydrocarbons (50) each molecule possesses a flat ex- 
tended planar configuration in which the groups attached to adjacent carbon 
atoms are as far apart as possible. 

Detailed information on the stable configurations and the potential 
energy to internal rotation for n-butane has been obtained by Szasz, Shep- 
pard & Rank (51) from a comparison of the Raman spectra of liquid n- 
butane at room temperature and at a temperature slightly above the freezing 
point. As has been pointed out by previous authors, the large number of 
lines in the Raman spectrum taken at room temperature suggests that more 
than one molecular species is present. At the lower temperature, many of 
the Raman lines decrease considerably in intensity suggesting that one molec- 
ular species, presumably the less stable, decreases in concentration at the 
lower temperature. From this observation, it is possible to pick out separate 
spectra for the more stable form and the less stable form. The number of 
Raman lines attributed to the more stable form has been compared with 
the number of Raman lines which would be expected from the selection 
rules for several configurations of the n-butane molecule. This comparison 
shows fairly clearly that the more stable configuration is the trans configura- 
tion in which all groups are staggered and the end methyl groups are as far 
apart as possible. Any other configuration would produce many more Raman 
lines than are observed. If the trans configuration is the more stable one, it 
would seem reasonable that the other stable configuration is the other stag- 
gered variety obtained by rotating one end of the trans molecule through 
an angle of 120°. This configuration has the point group symmetry C, and 
is frequently referred to as the gauche structure. The change in the intensities 
of the Raman lines for the two forms as a function of temperature has been 
used to calculate a value for the difference in potential energy between the 
trans form and the gauche form. This calculation yields a value of 770 cal. 
per mole. The potential barriers to rotation from the trans form to the gauche 
form and from one gauche form (d) to the other (/) are still approximately 
3,400 cal. per mole as indicated by the entropy. 

Using a new technique for obtaining Raman spectra of polycrystalline 
solids, Sheppard & Szasz (52) have observed the Raman spectrum of solid 
n-butane. The Raman spectrum of liquid n-butane undergoes a marked sim- 
plification upon freezing. All of the lines from the less stable modification 
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disappear leaving only the lines from the more stable structure. The existence 
of n-butane in exclusively the trans form in the solid is consistent with the 
configuration of long chain normal hydrocarbons in the solid phase (50). 
These conclusions regarding the stable configurations of n-butane in the 
liquid phase and the existence of m-butane in exclusively the trans form in 
the solid are supported by infrared spectra (53) of liquid and solid n-butane. 

Sheppard & Szasz (52) have also obtained room temperature Raman 
spectra and low temperature Raman spectra of liquid and solid n-pentane, 
n-hexane, and n-heptane. The spectra show in each case that more than one 
rotational isomer is present and that relative concentrations change with 
temperature. There are two rotational isomers in liquid m-pentane. The less 
stable one disappears completely in the solid. Liquid n-hexane contains three 
rotational isomers. One is the flat completely trans molecule. One is obtained 
from the trans molecule by rotation of the C.—C; bond through 120°. The 
other is obtained from the trans molecule by rotating the C;—C, bond 
through 120°. The last two forms decrease in concentration as the temper- 
ature is lowered and disappear in the solid. The number of rotational isomers 
in liquid normal heptane and their behavior as the temperature is lowered 
and during freezing is similar to that for n-hexane. The energy difference 
between the rotational isomers of m-pentane and n-hexane is about 500 
cal. per mole in both cases. No value for this energy difference has been 
obtained for n-heptane. The decrease and disappearance of rotational isomers 
other than the trans as these compounds are cooled and frozen is also sup- 
ported by low temperature infrared measurements (54). 

The Raman spectrum (55) and infrared spectrum (54) of 2-methyl- 
butane (isopentane) change only slightly as the temperature is lowered. 
Further, all of the Raman and infrared lines present in the liquid persist 
in the solid state. This may be accounted for either by (a) the rotational 
isomers having nearly equal potential energies, or (b) one rotational isomer 
having a much higher potential energy than the other so that at all accessible 
temperatures only one isomer is present in appreciable concentration. It 
is not possible at the present time to make a firm choice between these two 
alternatives. However, it would seem that the preponderance of evidence 
is in favor of nearly equal potential energies for the two isomers (56). The 
relative intensities of the Raman lines at low temperatures were observed 
on a sample which had been cooled quickly and on another sample which 
had been cooled slowly. This was done because of a previous report (57) 
that the heat capacity of liquid isopentane at low temperature depended on 
the previous thermal history of the sample. This had been interpreted in 
terms of a slow equilibrium between two rotational isomers and a freezing-in 
of nonequilibrium relative concentrations. According to the recent obser- 
vations, the relative intensities of the Raman lines and accordingly the rela- 
tive concentrations of the rotational isomers are not affected by the rate of 
cooling. This does not support the proposal of a slow equilibrium between 
rotational isomers in isopentane. 
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The Raman spectrum (55) and infrared spectrum (54) of 2,3-dimethyl- 
butane likewise do not change significantly when the temperature is lowered. 
Also, all of the Raman and infrared lines of the liquid persist in the solid. 
As in the case of isopentane, this can be accounted for by (a) nearly equal 
potential energy for the two rotational isomers, or (b) much less stability 
for one isomer than for the other. Here again the preponderance of the evi- 
dence seems to favor a small difference in potential energy between the iso- 
mers (56). As in the case of isopentane, it would appear that two rotational 
isomers are present in the solid phase. 

Halogen-containing compounds.—The first experimental evidence for 
the existence of certain molecules as mixtures of internal rotational isomers 
was reported by Kohlrausch (58). Certain Raman frequencies which are 
approximately constant for a series of alkyl halides were observed to be 
doubled or split when rotational isomerism appeared reasonable and single 
when no rotational isomerism seemed possible. For instance, methyl chloride 
and ethyl chloride have single frequencies corresponding to the carbon- 
chlorine stretching vibration, while in u-propyl chloride, two frequencies 
occur in this region. Presumably the two frequencies are produced by mole- 
cules having different rotational configurations around the central carbon- 
carbon single bond. Other early evidence on the potential energy for rotation 
around a single bond was obtained from dipole moment measurements. 
Zahn (59) showed that the dipole moments of 1,2-dichloroethane and some 
other similar compounds in the gas phase increase as the temperature is 
raised. This suggested that the trans configuration of these molecules is the 
most stable and at higher temperatures more of the molecules occupy other 
less symmetrical configurations having higher dipole moments. 

The interatomic distances have been determined by electron diffraction 
for 1,2-dichloroethane (60), 1,2-chlorobromomethane (61), and 1,2-dibromo- 
ethane (61). The predominant long halogen-halogen distance in each of these 
molecules corresponds almost exactly to the trans configuration. The electron 
diffraction results on these molecules did not indicate any other stable rota- 
tional isomer. However, using a single minimum potential function, limits 
were placed on the shape of the potential function near the trams configura- 
tion. A more recent electron diffraction investigation (62) of 1,2-dichloro- 
ethane gave results compatible with a 20 per cent concentration of gauche 
molecules and 80 per cent trans molecules but does not constitute independ- 
ent proof of the existence of the stable gauche configuration. In a series of 
studies on 1,2-dichloroethane, Mizushima and co-workers have obtained 
Raman spectra (63), infrared spectra (64), and dipole moments (65) over a 
range of temperature which lead to values for the difference in potential 
energy between the trams and gauche forms of about 1,100 cal. per mole. 
As in the case of n-butane, the Raman lines produced by the less stable form 
of 1,2-dichlorobutane disappear completely on solidification (66), presumably 
leaving only the trans form in the solid. 

It has been shown by Rank, Kagarise & Axford (67) that the difference 
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in energy between the frans and gauche forms of 1,2-dichloroethane in the 
vapor state obtained by Raman effect (63) and infrared measurements (64, 
68) does not apply to the liquid state. Using a photoelectric Raman appara- 
tus, they obtain an energy difference of zero for ethylene chloride in the liquid 
state. Gwinn & Pitzer (69) have recently measured the gas heat capacity 
of 1,2-dichloroethane. They discuss their gas heat capacity data, previous 
dipole moment data, spectroscopic and electron diffraction data in terms of 
the most probable three minimum potential function. They concur in the 
idea that the trans form is the most stable and that the other stable form is 
the other staggered or gauche form. The heat capacity measurements appear 
to prove that the potential energy rises abruptly and is effectively infinite 
when the relative azimuthal angle betwen the two ends of the molecule is 
between 130° and 180° (near the cis eclipsed configuration). 

The structure of the 1,1,2-trichloroethane as obtained by electron diffrac- 
tion (70) provided important information on the nature of the interaction 
between two groups attached by a single bond. If the repulsions of the chlo- 
rine atoms were more important than avoiding an eclipsed configuration, 
one would expect the most stable configuration of the molecule to be a trans 
eclipsed structure (symmetry Ch) in which the average long chlorine- 
chlorine distance is at a maximum. However, the experimentally determined 
long chlorine-chlorine distances show that this is not the most stable struc- 
ture. The most stable configuration is a staggered configuration obtained 
from the frans structure by rotating one end of the molecule through approxi- 
mately 50°. This result showed that avoiding an eclipsed configuration was 
more important than maintaining maximum chlorine-chlorine distances 
in determining the most stable rotational configuration. Recent dipole 
moment measurements on 1,1,2-trichloroethane vapor over a range of 
temperature by Thomas & Gwinn (71) show that the dipole moment is 
independent of temperature. Similar measurements by Oriani & Smyth 
(72) show a slight decrease and then increase as the temperature is raised. 
Thomas & Gwinn interpret their data in terms of a stable ‘‘skew”’ configura- 
tion similar to the one deduced above (70) and a much less stable cis con- 
figuration having a potential energy of at least 4,000 cal. per mole above that 
of the skew configuration. Oriani & Smyth show that the data can be ac- 
counted for qualitatively by normal group moments and a single minimum 
potential barrier having a height of 2,800 cal. per mole. This provides no 
quantitative information on the stability of the cis isomer. Sheppard & 
Szasz (56) have pointed out that a large (4,000 cal. per mole) energy dif- 
ference between the rotational isomers is unexpected in view of the small 
energy difference between the rotational isomers of 2-methylbutane. It 
would seem likely that the actual potential barrier in this molecule will 
prove to have some of the elements of both these interpretations. In view of 
the moderate energy difference (1,100 to 1,400 cal. per mole) between the 
trans and gauche forms of 1,2-dichloroethane and the reported (71) even 
lower energy difference between the two stable forms of 1,1,2,2-tetrachloro- 
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ethane, it seems unlikely that the energy of the cis form of 1,1,2-trichloro- 
ethane is greater than that for the skew form by 4,000 cal. per mole. Also, 
a single minimum potential cannot be strictly correct. There must be two 
minima for skew forms and very probably a third for the cis form. It is 
probable that if the dipole moment were calculated (73) from group moments 
and a three minimum potential function, a lower potential minimum for 
the cis form would be compatible with the dipole data. At higher temper- 
atures increase of population of the cis configuration tends to increase the 
moment, but there will be a simultaneous increase in population near the 
trans configuration because of a probable low barrier between the two skew 
forms which will tend to lower the moment. In this way, the dipole data may 
be found compatible with a lower potential energy for the cis configuration. 
No spectroscopic observations on rotational isomerism in this molecule have 
been made. 

A Raman investigation (74) of 1,1,2,2-tetrachloroethane has reported 
that the most stable configuration is the cis eclipsed form and another stable 
variety is the other eclipsed form. This result appears to have been invali- 
dated by an electron diffraction study (75) in which it was shown conclusively 
that the stable forms of the molecule were the staggered forms. The electron 
diffraction results gave no information on the relative stability of the two 
staggered forms. The Raman study (74) of the effect of temperature on the 
relative intensities of the lines gave a difference in energy between the two 
forms of 1,100 cal. per mole. The two forms observed were probably the two 
staggered forms—trans and skew. The dipole moment of the vapor has been 
found (71) to be independent of temperature. This was interpreted to mean 
an approximately zero difference in energy between the two staggered forms. 
As pointed out by Sheppard & Szasz (56) these results probably indicate 
a real difference in the relative stabilities of the two isomers in the liquid 
phase and the vapor phase. This is analogous to the difference in the relative 
stabilities of the rotational isomers of 1,2-dichloroethane in the liquid and 
the gas (67). It now appears likely that in the vapor the two isomers of 
1,1,2,2-tetrachloroethane are of approximately equal stability, while in the 
liquid, the skew form is more stable than the trans by about 1,100 cal. per 
mole. 

The Raman spectra of 1,1,1,2-tetrachloroethane and pentachloroethane 
(76) are identical in the liquid and in the solid. As can be seen from their 
structural formulae, each molecule would be expected to have only one unique 
rotational form assuming staggered configurations. Electron diffraction 
measurements are reported (76) to confirm these structures. 

The rotational configuration of 1,2-dibromopropane has been studied 
by electron diffraction (77). The predominant configuration is one in which 
the bromine atoms are trans. This is a staggered configuration. Meso and 
racemic 2,3-dibromobutanes have been studied by electron diffraction (78). 
In both cases, the most stable configurations are those which are staggered 
and in which the bromine atoms are trans. The dipole moment of 1,2-dichloro- 














EXPERIMENTAL MOLECULAR STRUCTURE 203 


propane vapor has been measured (72) over a range of temperature. The 
dipole moment increases with temperature and is compatible with a single 
minimum potential barrier having a height of 2,500 cal. per mole. By analogy 
with the dibromopropane, the most stable configuration is doubtless the one 
in which the chlorine atoms are trans. The dipole moment of 1,2-dichloro- 
propane vapor has also been measured (72) over a range of temperature. 
The dipole moment increases with temperature and is compatible with a 
single minimum potential barrier having a height of 2,100 cal. per mole. 
Again, the most stable configuration is probably the one in which the chlorine 
atoms are trans. It is likely that each of these molecules also have other stable 
configurations corresponding to minima in the rotational potential functions 
which are shallower than the one for the trans configuration. 

Cyclic compounds.—Cyclopentane has usually been considered to be a 
planar molecule. Electron diffraction investigations (79) have shown that 
that the carbon atoms are at least approximately in a plane. However, a 
determination of the entropy of cyclopentane by Aston et al. (80) showed that 
the symmetry number of the molecule could not be as great as 10, and accord- 
ingly the lowest energy configuration of the molecule could not be planar. 
Pitzer (81) pointed out that in the planar configuration, the adjacent methy]l- 
ene groups were all oriented in opposed positions with respect to rotation 
around the carbon-carbon single bond. Assumption by the molecule of a 
nonplanar form, while distorting the CCC bond angles even further below 
the tetrahedral value, increases its stability by partially avoiding the eclipsed 
rotational configurations. Depending on the force constants for the two 
opposing forces, there should be an equilibrium nonplanar configuration. 
The nature and extent of the deviation of the molecule from a planar 
structure and the effect of this on the thermodynamic functions has been 
discussed by Kilpatrick, Pitzer & Spitzer (82). One of the molecular vibra- 
tions involving the puckered ring produces a pseudo rotation in which the 
point of maximum puckering rotates around the ring. 

The molecular configurations of cyclohexane and several of its methyl 
derivatives have recently been clarified. It has now been well established by 
electron diffraction (83) and spectroscopic (84) studies that at room temper- 
ature cyclohexane exists predominantly in the chair configuration. In this 
configuration all the adjacent methylene groups have a staggered rotational 
orientation with respect to the carbon-carbon single bond. The boat form of 
the molecule is less stable by approximately 6 kcal. per mole; appreciable 
numbers of molecules occupy this form only at higher temperatures. A 
molecular model of cyclohexane shows that the stable chair form has two 
kinds of hydrogen atoms. Three hydrogen atoms are distinctly above the 
general plane of the carbon atoms, and three are distinctly below this plane. 
These are referred to as “polar’’ hydrogen atoms. The other six form a circle 
outside the carbon atoms and in the same general plane as the carbon atoms. 
These are called ‘‘equatorial” hydrogen atoms. With this in mind, it is clear 
that methyl cyclohexane may exist in either one of two configurations. The 
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methyl group may be in a polar position or in an equatorial position. Mole- 
cules of the two types will be in dynamic equilibrium through vibrational 
distortion of the carbon ring. From the similarity of the polar configuration 
to the gauche configuration of n-butane, it is estimated to have a potential 
energy 1.8 kcal. per mole higher than the strain-free equatorial configuration. 
Accordingly, at room temperature most methylcyclohexane molecules will 
occupy a chair configuration with the methyl group in an equatorial position. 
The seven dimethylcyclohexanes can be discussed in a similar manner (85). 
1,1-dimethylcyclohexane has two identical forms in dynamic equilibrium. 
Cis-1,2-dimethylcyclohexane has two enantiomorphs in dynamic equilib- 
rium. Trans-1,2-dimethylcyclohexane exists mainly in a form having two 
equatorial methyl groups (this form is in dynamic equilibrium with a less 
stable form having two polar methyl groups). There are d and / isomers of 
the equatorial form. Cis-1,3-dimethylcyclohexane exists mainly in a single 
form having two equatorial methyl groups. Trans-1,3-dimethylcyclohexane 
has two tautomeric forms of equal energy in dynamic equilibrium. Each form 
has one equatorial and one polar methyl group. Both d and / molecules exist. 
The tautomerism changes d molecules to d and / molecules to/. The resulting 
additional entropy of the trans isomer has been used to show that cis- and 
trans-1,3-dimethylcyclohexanes had previously been named in reverse. 
Cis-1,4-dimethylcyclohexane has two equivalent tautomeric forms in dynam- 
ic equilibrium. Trans-1,4-dimethylcyclohexane exists mainly in a single 
form having methyl groups in two equatorial positions. 

The molecular shapes of cis and trans decalin have been clarified by a 
recent diffraction investigation (9). Both molecules contain two chair six 
membered rings. In the trans molecule, each ring is joined to the other at 
two equatorial bonds. The two rings in the cis isomer are each joined at 
one equatorial and one polar bond. An electron diffraction investigation 
(86) of two isomers of cyclohexanediol-1,2 has been interpreted in terms of 
the two separable isomers to be expected from the substitution of two groups 
in the staggered chair model for the cyclohexane ring. 

The interpretation of the configurations of molecules containing single 
bonds is now well established, In all cases where structural information has 
been obtained, the evidence is strongly in favor of maximum stability for 
staggered configurations in which the end groups are as far apart as possible. 
It would appear to be safe to use this principle in predicting configurations 
of molecules at all similar to the ones discussed above and on which experi- 
mental structural information is not yet available. 


COMPOUNDS OF BORON 


The boron hydrides—The customary theory of valence in organic mole- 
cules, based on the electron pair bond, accounts in a straightforward manner 
for the overwhelming majority of chemical compounds of carbon, nitrogen, 
oxygen, and hydrogen. Application of this same theory to the compounds 
formed between hydrogen and boron (which ought to exhibit a normal 
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covalence of three) predicts a series of hydroborons having formulas of 
B,Hn+2: To the present time, although the formulas of several hydroborons 
are known with certainty, not one member of such a series has been ob- 
served. Instead, the formulas of the hydroborons are observed to be: B2Hg, 
BsHio, BsHo, BsHiu1, BeHio, BioHis. The structures of all of these have been 
the objects of considerable experimental work and discussion.® Ordinary 
valence theory which was not successful in predicting the formulas of the 
hydroborons has also not been able to make clear predictions of the struc- 
tures of these compounds. On the basis of previous ideas, it seemed reasonable 
to expect that B.H, would have a structure similar to that of ethane. Early 
crystal structure data (87) and electron diffraction measurements (88) 
were reported to support this structure. However, impressive evidence has 
accumulated favoring a ‘“‘bridge’’ structure in which two BHe groups are 
joined by a four membered ring containing two borons and two hydrogens: 


if ae 
fw 


The four-membered ring is approximately square and the boron atoms are 
approximately regular tetrahedra. The principal evidence for this structure 
is spectroscopic evidence. It has been possible to assign vibrational frequen- 
cies more reasonably in terms of the bridge structure (89) than in terms of 
the ethane structure. Price (90) has measured the infrared spectrum of di- 
borane under sufficiently high resolution to obtain rotational fine structure. 
This fine structure shows an alternation in intensity that is similar to the 
fine structure of the equivalent bands in ethylene. Such an observation would 
be exceedingly improbable if the molecule had the symmetry of ethane. 
Furthermore, the magnitude of the rotational separations is incompatible 
with the dimensions obtained (88) for the ethane model of diborane. Addi- 
tional evidence in favor of the bridge structure has been provided by Webb, 
Neu & Pitzer (91) through a determination of the infrared spectrum of com- 
pletely deuterated diborane. Application of the Teller-Redlich product rule 
to ordinary and deuterated diborane shows that the isotope shifts are com- 
patible with the assignment of frequencies in terms of the bridge model. 
Using the bridge model for diborane as a basis Pitzer (92) has formulated 
a scheme for predicting the structures of the other hydroborons in terms of 
the protonated-double bond. The application of this scheme has been re- 
viewed by Bell & Emeléus (93). The scheme predicts for pentaborane B;Hy 
a five membered boron ring containing two protonated double bonds. Earlier 
electron diffraction results (94) gave a methylenecyclobutane-like structure 
for this molecule. According to Silbiger & Bauer (95), a reevaluation of the 


5 Chemical and structural information on the boron hydrides have been reviewed 
by Bauer (131) and Bell & Emeléus (132). 
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original electron diffraction data continues to support the methylenecyclo- 
butane structure against the five membered ring structure. The structure 
of decaborane BigHis was found by an electron diffraction investigation (95) 
to consist of two five-membered rings joined by a single boron-boron bond. 
However, a crystal structure study (96) made at about the same time found 
molecules consisting of two five-membered boron rings sharing two boron 
atoms and having the other two boron atoms attached one to each ring as 
far apart as possible. [For a diagram of this structure, see reference (96).] 
The electron diffraction photographs are now stated to be compatible 
(97) with the molecular arrangement obtained from the crystal structure 
study. A detailed account of the crystal structure investigation has not been 
published. However, judging from the number of experimental data which 
usually must be accounted for in such investigations, it is probable that the 
crystal structure result is correct. Neither of the structures described above 
for decaborane contains a protonated double bond nor is equivalent to the 
suggested (92) protonated double bond structure for decaborane. Unless a 
considerable change occurs in the experimental structure results on decabo- 
rane BioHi,and pentaborane B;Hg, it would appear that no completely satis- 
factory theory yet exists for predicting the formulas and structures of the 
hydrides of boron. 

Other boron compounds.—As suggested by an early electron diffraction 
investigation (98), the semistructural formula of aminodiborane has usually 
been written H;BNHBH;, which is analogous to the structure of dimethyl- 
amine. Recently, however, Burg & Randolph (99) have succeeded in prepar- 
ing the N-methyl derivative and the N-dimethyl derivative of aminodibo- 
rane. The existence of the dimethyl derivative argues strongly against the 
dimethylamine type formula. It has beeen suggested (100) that amino- 
diborane does not have the dimethylamine formula, but instead has a struc- 
ture analogous to the bridge structure of diborane in which one of the central 
hydrogen atoms is replaced by an NH2 group. The nitrogen atom is bonded 
to the two boron atoms and to two hydrogen atoms. With two hydrogens 
on the nitrogen atom, existence of the series, aminodiborane, methylamino- 
diborane, and dimethylaminodiborane is reasonable. If these structures are 
correct, the bond angle B—N—B should be approximately 90° as in diborane 
instead of about 110° as previously reported (98). A recent electron diffrac- 
tion determination of the bond angles in aminodiborane and dimethyl- 
aminodiborane (101) gives values of 96° and 89°, respectively, for these two 
angles. This information plus the chemical information appears to make the 
new bridge structures of these compounds fairly certain. 

According to an electron diffraction investigation (102), the aluminum 
borohydride, Al(BH,)3, molecule consists of an equilateral triangle of boron 
atoms with the aluminum at the center, each boron atom being surrounded 
by one aluminum atom and four hydrogen atoms at the corners of a trigonal 
bypyramid. According to another electron diffraction investigation (103), 
the beryllium borohydride molecule, Be(BH,)2, has the three heavy atoms 
arranged in a straight line with the beryllium atom at the center, each boron 
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atom being surrounded by one beryllium atom and four hydrogen atoms at 
the corners of a trigonal bipyramid. According toa recent spectroscopic study 
(104), both these molecules have infrared absorptions in the region ascribed 
to the motion of the bridge type hydrogens in diborane. Bauer has recently 
reported (105) that the electron diffraction data for these molecules are 
compatible with structures in which the boron atoms are joined to four 
hydrogen atoms arranged approximately tetrahedrally and the heavy atoms 
are joined by hydrogen bridges; the distances between the heavy atoms 
must be about the same as originally reported. Spectroscopic evidence 
similar to the above has been reported (106) to support a hydrogen bridge 
structure for tetramethyldiborane. In spite of the difficulty of the protonated 
double bond theory in predicting the structures of the higher hydroborons, 
the basic bridge unit for compounds containing boron atoms seems to be 
well founded for a considerable variety of substances. 


MICROWAVE SPECTROSCOPY 


Microwave spectroscopy has provided a new degree of accuracy and 
certainty to the determination of the molecular dimensions in a number of 
molecules. Bleaney & Penrose (107) and others in 1946, by observing the 
“inversion’’ frequency of ammonia for a number of rotational levels, showed 
that modern shortwave electronic equipment developed during the war was 
capable of detecting molecular absorptions in the 1 cm. wavelength region 
with exceedingly high resolution. This meant that pure rotational transitions 
which are outside the infrared range could be observed directly without the 
usual complication of the simultaneous change in vibrational energy. Any 
molecule with an appreciable dipole moment and containing more than two 
atoms heavier than hydrogen will have pure rotational absorptions in the 
microwave region. Under proper experimental conditions the frequencies 
of these absorptions can be determined with very high precision. The ease 
of interpretation of these frequencies in terms of molecular dimensions will 
depend on the symmetry of the molecule and the number of structural param- 
eters required to specify its structure. In most of the applications which 
have been made, the interpretation of the spectrum in terms of structure has 
been considerably more straightforward than the interpretation of other 
kinds of spectral data, and the experimental quantities have been known 
with greater accuracy than is possible with most other methods. The appara- 
tus which is being used for microwave spectroscopy and the general methods 
of interpretation have been reviewed by Gordy (108). The molecular struc- 
tures obtained have not been reviewed elsewhere and will not be described 
completely here. However, some of the investigations will be outlined to show 
what kind of results are being obtained by these methods at the present time. 

Linear molecules—Three diatomic molecules have been investigated: 
ICI (109), CIF (110), and BrF (111). Identification of the rotational transi- 
tions in these cases leads directly to the moments of inertia from which firm 
values of the interatomic distances have been calculated. 

The molecule HCN has been studied by Simmons, Anderson & Gordy 
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(112). One rotational transition frequency can be used to calculate the mo- 
ment of inertia of the molecule, although one moment of inertia does not 
allow the calculation of two interatomic distances. However, observation 
of the same transition in the isotopic molecule DCN provides an additional 
moment of inertia which with the first makes the calculation of the inter- 
atomic distances possible. In this calculation, it is assumed that the inter- 
atomic distances are not affected by an isotopic substitution. These authors 
have observed the first rotational transition in HCN, DCN, HC#*N and 
DCN. The C—H and C—N distances were calculated using each pair of 
isotopic molecules. The averaged results are C—H =1.061 A and C—N 
=1.157 A. 

The pure rotational spectrum of HCCCI has been observed by Westen- 
berg, Goldstein & Wilson (113). As in the case of HCN, one rotational line 
can be used to calculate the moment of inertia. The moment of inertia is 
a function of three interatomic distances. In order to determine these dis- 
tances, these authors measured the microwave spectra of HCCC1*, HCCCI*, 
DCCCIl,*® and DCCCI*7. The moments of inertia for these four molecules 
led to the following internuclear distances: C—H = 1.052 A, C—C =1.211 A, 
and C—C1=1.632 A. 

Accurate interatomic distances for CICN (C—Cl=1.63, C—N =1.16), 
BrCN (C—Br=1.79, C—N =1.16), and ICN (C—I=1.99, C—N =1.16) 
have been obtained from microwave observations on different isotopic species 
of these molecules (114, 115). 

A thorough study of the structure of cyanoacetylene has been made by 
Westenberg & Wilson (116). In order to obtain the four interatomic distances 
in this molecule, they measured the microwave absorptions for HCCCN, 
HC®8CCN, HCC®#®CN, HCCC8N, HCCCN*, DCCCN, DC#CCN, 
DCC#BCN, DCCC!N, and DCCCN®. The moments of inertia for these 10 
isotopic species were satisfied by the following interatomic distances: C—H 
=1.057 A, C—C (triple) =1.203 A, C—C (single) =1.382 A, and C—N 
=1.157 A. 

The dimensions of OCS from‘ measurements on several isotopic species 
have been found (117) to be C—S=1.56 A and C—O=1.16 A. The dimen- 
sions in OCSe from similar measurements have been found (118) to be C—Se 
=1.71 Aand C—O =1.16 A. The bond distances in NNO from similar studies 
have been found (119) to be N—N =1.13 A and N—O=1.19 A. 

Symmetric-top molecules—Most of the molecules of this type that have 
been studied by microwave spectroscopy are group IV monohalides analogous 
to CH;Cl. As in the case of linear molecules, the rotational absorption fre- 
quencies of symmetric-top molecules lead rather simply to the moment of 
inertia perpendicular to the symmetry axis. For molecules similar to CH;Cl, 
assuming a threefold symmetry axis, three parameters are required to 
specify the structure of the molecule. Accordingly, moments of inertia for 
three iostopic species are required for a complete structure determination. 
Dailey, Mays & Townes (120) have obtained moments of inertia from micro- 
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wave spectra for several isotopic species of CH;Cl, SiH;Cl, and GeH;Cl. 
The complete structures obtained are, for CH3;Cl, C—Cl=1.78 A, C—H 
=1.11 A, and <HCH =111°, for SiHsCl, Si—C1=2.05 A, Si—H = 1.50 A, 
and <HSiH=111°, and for GeHsCl, Ge—C1=2.15 A, Ge—H=1.52 A, 
and <HGeH = 111°. 

Microwave spectra have been obtained for anumber of other symmetric- 
top molecules. In most cases, data have not been obtained on enough 
isotopic species to lead to complete structure determinations. Many of these 
investigations could be completed by synthesis and measurement of addition- 
al isotopic molecules. 

Asymmetric-top molecules—The determination of moments of inertia 
of asymmetric-top molecules from rotational absorption frequencies is con- 
siderably more complicated (108) than for linear and symmetric-top mole- 
cules. Nevertheless, fairly complete structure determinations have been 
made for SO, (121) and HNCS (122). The moments of inertia of ethylene 
oxide and completely deuterated ethylene oxide have been obtained by Cun- 
ningham and co-workers (123). From these six quantities, they have calcu- 
lated all of the bond distances and angles in the molecule. In the calculation 
they considered the C—H distance and the C—D distance as different 
parameters. Their results are C—C=1. 473 A, C—O=1.436 A, C—H 
=1.080 A, C—D=1.082 A, <HCH =117°, and <H.,CC =158°. 

The principal uncertainty in the results obtained by this method is in 
the assumption that the equilibrium internuclear distance is not changed 
by an isotopic substitution. This assumption cannot be strictly true for 
average internuclear distances because of differences in zero point energies 
and the anharmonicity of molecular vibrations. However, the internal con- 
sistency of the internuclear distances calculated for HCCCI (113) and 
HCCCN (116) indicate that these effects are of the order of 0.001 A, while 
the internal consistency of the results obtained for HCN (112) indicates 
that — distances for different isotopic species may differ by as much 
as 0.01 


OTHER METHODS 


In conclusion, it should be pointed out that there are two new experimen- 
tal approaches to molecular structure which deserve discussion, but which 
can only be mentioned here. Pake (124) has reported that the fine structure 
and line breadths in nuclear resonance absorption can be used to obtain 
structural information. The line structure is produced by perturbation of 
the external magnetic field by neighboring atoms having nuclear moments. 
It has been shown that this line structure can be interpreted in terms of 
geometrical arrangement, interatomic distances, and structural changes 
(125). 

Wollan & Shull (126) and others have shown that structure may be 
studied by the diffraction of slow neutrons. Certain light atoms, notably 
hydrogen, which have very small scattering factors for x-rays and electrons, 
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have large scattering factors for neutrons. Accordingly, neutron diffraction 
promises to provide information on the location of hydrogen atoms which 
to the present time has been obtained only indirectly. Experimental tech- 
nique is still difficult, and work must be done in conjunction with a nuclear 
reactor. However, a significant publication has already appeared on the 
location of the hydrogen atoms in ice (127). Also, new information has 
been obtained on the structure of several elements in the liquid phase (128). 
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X-RAY STRUCTURAL CRYSTALLOGRAPHY 


By J. L. Hoarp anp S. GELLER! 


Department of Chemistry, Cornell University, 
Ithaca, New York 


This review covers the period from October, 1948 through October, 
1949.2 So many significant papers dealing with the ordered structure of 
crystals have appeared that, in order to give these adequate recognition 
while not exceeding our allotted space, we have found it necessary to omit 
virtually all discussion of the more diverse aspects of crystallography. We 
regret particularly that only passing mention could be made of the fascinat- 
ing subject of disorder in crystals, and we hope that a future review, not 
limited to a single year’s coverage, can be devoted to the structural ramifi- 
cations associated with the diffuse scattering of x-rays. As a final means of 
achieving condensation, we have felt obliged to leave out of consideration 
structural work for which only preliminary notices have appeared. 

Of two recent excellent reviews of x-ray crystallography, one [Crowfoot 
(1)] deals with compounds of biochemical interest, the other [Powell (2)] 
has more general coverage. 


INTERPRETATION OF X-RAY DATA 


Probably the outstanding feature in the development of structural 
crystallography during the past several years is the ever increasing complex- 
ity of the structures which have received a detailed and often quite accurate 
description. It is quite certain, moreover, that the methods of diffraction 
analysis have not yet attained their ultimate power; a number of significant 
recent papers have dealt with various aspects of the analytical processes. 

The use of two-dimensional Fourier analysis to calculate projections 
of electron density on the axial planes of the crystal has been common prac- 
tice for a number of years. The greater clarity and increased accuracy in 
establishing atomic positions attainable with the three-dimensional synthesis 
have been realized in a fair proportion of recently published structures. 
A comprehensive account of the Fourier and some closely related methods 
has been presented by Booth (3); we shall limit our discussion of background 
to the minimum required for intelligible presentation of the newer develop- 
ments. 

The electron density (electrons per A), a periodic function of position 
along any rational direction in the crystal, is given by 


p(x, y, 2) = (1/V) >> > > Fru cos 2e(hx + ky + Iz — cms) 
se 6 


in which x, y, z are the coordinates of a point within the unit cell expressed 
as fractions of the axial translations, V is the volume of the cell, Fix: is the 


1 Du Pont Post-Doctorate Fellow in Chemistry, 1949 to 1950. 
2 A few earlier papers are included under INTERPRETATION OF X-Ray Data. 
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crystal structure amplitude corresponding to reflection from the plane of 
Miller indices (Akl), and 27apx1 is a phase angle not given directly by the 
x-ray data. For the ideal mosaic crystal | Frxz| is given by | (Jixz)”?|, where 
Tnxi is the experimental intensity after correction for absorption of x-rays 
in the specimen and for other effects dependent upon the geometry of the 
system. In general the quantities, ax1, lie in the range between zero and one, 
but for centrosymmetric structures they are either zero or one-half. 

Success with a structure determination is wholly dependent upon success 
in determining the phases of reflections; to assign phases for a complex 
structure usually it has been necessary to have a more or less complete 
idea of the approximate atomic arrangement in the crystal, and this in turn 
has required in varying degree the use of trial and error. The interatomic 
vector maps afforded by the two-dimensional Patterson (4) and the Patter- 
son-Harker (5) syntheses have been very helpful in determining phases of 
reflections for quite complex structures having a small proportion of relative- 
ly heavy atoms and for structures of more limited complexity containing 
atoms of approximately equal atomic numbers. 

A highly interesting method devised by Harker & Kasper (6) and ex- 
tended by Gillis (7) whereby inequalities connecting the | Frx:| values are 
used to determine phases of reflections has been shown by Gillis (8) to pre- 
dict correctly the signs of the structure amplitudes for oxalic acid dihydrate, 
a centrosymmetric crystal of known but only moderately complex structure. 
The method also has been used in the determination of structure for deka- 
borane [(9) final results not yet published] for which even the connexity of 
atoms within the molecule was obscure prior to the investigation. 

The method gains power in application through the use of unitary crys- 
tal structure factors, Fix:, calculated from the experimental Fyx: by a “‘sharp- 
ening up”’ procedure involving certain approximations. Assuming spherically 
symmetric atoms (including the effects of thermal motion in the crystal) 
the atomic form factor, f, isa monotonically decreasing function of the angle 
of scattering. Usually a fairly good approximation for a given crystal, par- 
ticularly if the spread in atomic number is small, is fi=Zif, in which f; is 
the form factor for the jth atom of atomic number Z;, and fis the unitary 
form factor (6). For a unit of structure containing a total of Z electrons dis- 
tributed among WN “point atoms” xj, yj, 2, 

N N 
Fun = (Zj/Z)e2™ ha; thy; tle) = Fy,,/ D> fi. 
j=1 j=l 
If all atoms scatter exactly in phase, | Fret! is unity. 

Application of Cauchy's Inequality to the preceding relation for the case 

of a centrosymetric structure gives (6) 


Fru? S 1/2(1 + Forjox,20) 


and Fy,,%,97 is certainly positive if in absolute value it is larger than 1 —2Fua?. 
Any element of two-fold symmetry, rotation or screw axis, minor or glide 
plane, leads to an inequality (6) of the same general form. Axes of higher 
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order or combinations of symmetry elements yield inequalities involving 
more than two structure amplitudes. A large number of such relations of 
increasing complexity can be developed for any space-group having several 
symmetry elements. 

Hughes (10) has published an analysis of the limitations of the method 
of inequalities. A mathematical treatment by Wilson (11) of the probability 
distribution of x-ray intensities provides a firmer theoretical background for 
Hughes’ discussion (and also suggests a method for putting relative intensi- 
ties on an absolute basis). For a primitive unit cell containing N atoms of 
approximately the same atomic number, the root-mean-square value, o, 
of the structure amplitude for all reflections is shown (10) to be 1/+/N, and 
with N greater than about 10, the Fx; values are distributed about zero 
approximately according to the normal error curve. With increasing com- 
plexity of the crystal and decreasing o, a decreasing fraction of the ampli- 
tudes will have sufficiently large magnitudes to permit their use to determine 
phases through the simple inequalities. Even though symmetry may permit 
o to be larger for special classes of reflections than in the general case, Hughes 
concludes that if the number of atoms in the asymmetric unit (which deter- 
mines the number of parameters of the structure) be fixed, then the power 
of the inequalities varies little with symmetry, and the simple inequalities 
generally can solve the problem of phase determination at most for crystals 
of moderate complexity. He discusses also various difficulties which arise 
in the application of more complicated inequalities and concludes that the 
method may be limited in usefulness ‘‘to the same range of crystals that can 
be solved by complete three-dimensional, absolute-scale Patterson methods.”’ 

The Patterson method does not lead of itself to the systematic unequiv- 
ocal determination of phases in the manner of the method of inequalities 
for structures to which the latter successfully applies; yet it seems fair to 
say that failure to solve the problem of a complex structure with the aid of 
Patterson methods represents an overtaxing of the investigator’s ingenuity 
rather than collapse of the method. We believe that the use of three-dimen- 
sional Patterson analysis, particularly in sharpened-up, absolute-scale form 
(4), will broaden considerably the field in which successful determinations 
of structure are achieved. [Added in proof: The successful application of the 
method to the complex structure of L,-threonine has been published by 
Shoemaker et al. (86).] Hughes (12) has published an extension of Banerjee’s 
analytical method (13) for determining phases; it appears that the analysis 
only occasionally can be used to advantage. 

Some recent'* papers have dealt with the relations between Fourier and 
least squares methods for refining structural parameters (14, 15) and with 
the accuracy of the values finally obtained (15, 16). Although the triple 
Fourier series resolves atomic positions quite satisfactorily, positions of 
peak density are subject to error arising from finite termination of the series. 
Cruickshank (16) has discussed in some detail various ways of making a 
correction for this effect; the correction in an atomic position for organic 
structures (without heavy atoms) should not be greater and usually is ap- 

‘ 
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preciably less than 0.03 A. Probably the most used method, though in prin- 
ciple less satisfactory than some others, is that suggested by Booth (17). 

A method of least squares was employed to excellent advantage by 
Hughes (18) in his analysis of the structure of melamine. If (using a con- 
tracted notation) F, and F, represent observed and calculated structure 
amplitudes for given (k/) and g is an arbitrarily assigned weighting factor, 
the most usual method employing least squares gives as atomic coordinates 
those values of the coordinates which minimize the function (14, 15), og 
(F,— F.)?, the sum being taken over all observable reflections. For a centro- 
symmetric structure containing N atoms and with the approximation of 
spherically symmetric atomic form factors, we have 


N 
F. = >> fj cos 2n(hx; + ky; + 1z;) = > f; cos ¢j. 
j=1 
If, in minimizing > ,g( Fo — F,)? with respect to a coordinate, x;, we put g=1/f;, 
we obtain 


— (2x/V) >. hF, sin 6; = — (2/V) >. hF sin 43. 
Comparison with the Fourier expressions for electron density, 
po = (1/V) >. Focos@ and p. = (1/V) > Fe cos 


shows that the slopes (15) of the observed and calculated density functions 
are equal at the atomic coordinates given by least squares. To a first approxi- 
mation, i.e., if the two Fourier series are completed in the unobservable range 
with terms having the same coefficients, the coordinates given by least 
squares are independent of finite termination of the series. 

Even though both Fourier series be convergent, the peaks in p, and p, 
for the jth atom usually must differ somewhat in position; further, the co- 
ordinates given by least squares are excluded from the region between the 
peaks where the slopes of p. and p, are of opposite sign. If quantitatively 
measured structure amplitudes are available [see the discussion by Kaan 
& Cole (19) of difficulties inherent in the visual estimation technique], it 
would seem that straightforward Fourier synthesis is to be preferred; failure 
of the model based on spherically symmetric atomic density distributions, 
perhaps especially serious at larger scattering angles where a common iso- 
tropic temperature factor is used for all atoms independent of their positions 
in the molecule or crystal, could lead to calculated structure amplitudes 
of dubious merit as compared with accurately measured values. Employ- 
ment of the least squares technique can be advantageous whenever data from 
isolated zones are employed (18, 20). 

An important recent paper [Booth (21)] gives working details of the 
method of steepest descents, which involves minimizing such functions as 
Ri =) g(| Fo| —| Fe|), Re=Dog(| Fol —| Fe|)?, and Rs=) ¢(F.2—F.*)? with 
respect to the atomic coordinates. The method, as contrasted with the least 
squares technique, aims at directness and simplicity in reaching the mini- 
mum. Starting from a given point on the multi-dimensional surface represent- 
ing the function, motion toward the minimum is in the direction of greatest 
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initial slope, i.e., of steepest descent. Booth gives detailed working formulas 
for use at different stages of approximation in minimizing R, and R; (apart 
from some uncertainties arising from discontinuous derivatives, R; is much 
the simpler to use). Probably the method will prove itself to be relatively 
rapid and efficient in effecting the transition from a crude model to the actual 
structure. 

Booth, however, envisions a much more ambitious program. He proposes 
to apply suitable modifications of steepest descents in successive approxi- 
mation to the determination of structure when the configuration of the mole- 
cule is known but not its position within the cell, or even when only the 
general molecular shape is known. The constraints arising from the assump- 
tion of a rigid molecule of known configuration are readily introduced into 
the particular R-function chosen for minimization (the constraints are re- 
moved during final refinement). But it would appear, as pointed out by 
Cochran (22), that a large element of trial and error necessarily is involved. 
At some distance from the minimum, the contours of the surface may no 
longer give evidence of the existence of this minimum; perhaps the surface 
will have secondary minima corresponding to more or less plausible but in- 
correct structures. A combination of symmetry and packing considerations, 
to be sure, will delimit to some extent the region which must be explored. 
Outstanding success of the method would seem to depend on its ability to 
probe comparatively rapidly a rather large range of values for the function. 
Vand (23) has discussed alternative functions to be minimized for non- 
Gaussian distributions of errors. 

In Cruickshank’s detailed analysis (15, 16) of the accuracy of electron 
density maps, he takes AF= F,— F, as the random error associated with the 
true structure amplitude of which the precise value is unknown. He derives 
expressions for the standard deviations of the experimentally determined 
values of the atomic coordinates and applies his analysis to the very carefully 
studied (by triple Fourier synthesis) structure of dibenzyl (24). He finds 
0.0074 A for the standard deviation of the position in any direction of a 
carbon atom in dibenzyl and uses this value to discuss the significance in 
the statistical sense of the experimentally indicated deviations from accepted 
values in the aliphatic and aromatic C—C bond lengths of dibenzyl. 

The construction of a Fourier synthesis having as coefficients, F.— F.’, 
where F,’ is the calculated contribution to the structure amplitude of only a 
part of the atoms of the unit cell offers interesting possibilities. Finbak 
(25) has applied such analysis to oxalic acid dihydrate, including in F,’ 
the contribution of all atoms except hydrogen. He finds that the residual 
electron density of the synthesis agrees with the formulation, dioxonium 
oxalate, for the molecule in the crystal, a conclusion reached on a more 
tentative basis by Brill et al. (26) from examination of the complete density 
plot. A similar procedure whereby the contribution of uranium was sub- 
tracted from Fourier projections of electron density for uranium hexafluo- 
ride gave good resolution of the fluorine peaks (27). The accuracy of results 
at present obtainable by this analysis must be quite limited. 
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STRUCTURES OF ORGANIC COMPOUNDS 


Dicarboxylic acids Determinations of structure for B-succinic, adipic, 
sebacic, and 8-glutaric acids have been added to the series ‘‘The Crystal 
and Molecular Structure of Certain Dicarboxylic Acids’ (28a, b, c, d). 
Earlier careful studies of B-succinic acid [Verweel & MacGillavry (29)] and 
adipic acid [MacGillavry (30)] indicated a slight shortening of the C—C 
bonds below the normal value of 1.54 A. Morrison & Robertson (28a, b) 
have used more nearly complete data to calculate their projections of electron 
density, but arrive at the same general conclusions. Some shortening of C—C 
bond also is found in sebacic acid (28c), but in B-glutaric acid (28d), the only 
representative of the series having an odd number of carbon atoms studied, 
the C—C bonds are more nearly normal. Molecules of each of the three 
even members of the series are required in the crystal (space-group, P2,/a; 
N=2) to be centrosymmetric whereas a two-fold axis is required for B- 
glutaric acid (space-group, J2/a; N=4). The even molecules also show 
slight alternations in C—C bond lengths (Fig. 1), an effect not observed for 
B-glutaric acid; this has no obvious connection with the required molecular 
symmetries. 





FIG. 1. The centrosymmetric nearly planar adipic acid molecule 


The observation of shortening and alternations in C—C bond lengths 
for all three even molecules speaks for the reality of the phenomena, but it 
seems quite desirable to have the full evidence of three-dimensional syn- 
theses before accepting the conclusion. The determination of structure for 
glutaric and pimelic acids by MacGillavry et al. (31) is less accurate than 
the work just described. The structure of pimelic acid, however, is analogous 
to that of glutaric acid. Of especial interest in the paper is the correlation 
of structural differences between even and odd series with corresponding 
alternations in thermodynamic properties. 

B-Glycylglycine—Hughes & Moore (20), using two-dimensional Patterson 
and Fourier syntheses and least squares refinement of parameters (h0/ 
and O&/ data), have determined the structure of B-glycylglycine (space- 
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group, A2/a; N=8). Indirect but convincing evidence of the usual sort gives 
the disposition of hydrogen bonds and indicates the zwitterionic form for 
the molecule. The molecule is substantially planar except for the NH;* 
group which lies 0.64 A from the plane. Calculated probable errors for vari- 
ous bond lengths are 0.015 to 0.02 A; the C—N bond lengths are normal. 

Hexamethylenediamine dihydrohalides——Binnie & Robertson (32) have 
employed Patterson and two-dimensional Fourier syntheses to establish 
approximate atomic positions in crystals of hexamethylenediamine dihydro- 
bromide (space-group, P2,/a; N=4); these results were used to facilitate 
a more accurate determination of structure for the isomorphous dihydro- 
chloride (33). Although the two-dimensional syntheses indicate a small 
shortening and an alternation in C—C bond lengths in the chain, both effects 
are substantially within the estimated limits of error, +0.04 A, for each bond. 
The terminal nitrogen atoms seem to depart by a significant amount from 
the plane of the chain. There is also evidence for hydrogen bonding between 
nitrogen and chloride. 

Potassium caprate—Complete details have now been given by Vand et al. 
(34) of the determination of structure for Form A of potassium caprate. 
Fourier projections of electron density on planes perpendicular to the a and 
b axes of the monoclinic unit (space-group P2;/a; N=4) were interpreted to 
give atomic coordinates of limited accuracy. All the molecules are approxi- 
mately parallel to (100), and the structure is layer-like along a. Within each 
layer, the chain axes are parallel and tilted about 30° from (010). As viewed 
along a, chains from aiternate layers are crossed at an angle of about 60°. 
The diffuse character of (117) and (33/) reflections are accounted for by dis- 
order in crossing of chains from layer to layer. 

Pyrimidines and purines——Of the several recently published studies 
dealing with the structures of pyrimidines, the most accurate is that of Clews 
& Cochran (35) for 4-amino-2,6-dichloropyrimidine. Final refinement of 
parameters for the monoclinic structure (space-group, P2,/a; N=4) was 
carried out by three-dimensional Fourier synthesis to give accurately the 
molecular configuration (Fig. 2a). Corrections were included for finite series 
termination. The standard deviations of 0.02 A for C—C, C—N, or N—N, 
0.015 A for C—ClI bond lengths reported perhaps follow the usual over- 
optimistic pattern, but are indicative of the careful and detailed nature of the 
study. The molecule in the crystal is planar excepting only amino nitrogen. 

A small peak of 1.3 e per A’ and two others of about 1.0 e per AS are prop- 
erly situated on the electron density map to be interpreted as positions of 
hydrogen atoms bonded to carbon and to amino nitrogen respectively. 
Various possible explanations including mesohydric tautomerism of peaks of 
density 0.8 e per A? associated with the two ring nitrogens are considered; 
the most favored view seems to be that the unshared pair of electrons on the 
ring nitrogen are localized in an orbital extending in the direction of the 
amino nitrogen of another molecule, as a result of hydrogen bonding. 

From consideration of the results obtained for 4-amino-2,6-dichloro- 
pyrimidine, 5-bromo-4,6-diaminopyrimidine (35), and 2-amino-4,6-dichloro- 
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pyrimidine (36), a most probable configuration for pyrimidine itself is 
predicted (Fig. 2b). 

Broomhead (37) has employed two-dimensional Fourier methods to 
determine the structure of adenine hydrochloride. Although not required 
to have any symmetry in the crystal (space-group, P2/c; N=4), the purine 
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FIG. 2, (a) The 4-amino-2,6-dichloropyrimidine molecule 


(b) The pyrimidine molecule 
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molecule is planar within experimental error, and the bond distances are in 
general agreement with the more accurate values obtained for pyrimidines. 
A network of hydrogen bonds, involving also water molecules, is a feature of 
the structure. 

Naphthalene.—A very thorough reinvestigation of the structure of naph- 
thalene has been carried out by Abrahams et al. (38). The electron density 
was evaluated at 54,000 points over the asymmetric unit (half the chemical 
molecule) to give sections through separate atoms at various levels. Particu- 
larly impressive is the section through the molecule; the approximate posi- 
tions of hydrogen atoms are indicated. The molecule in the crystal (space- 
group, P2,/a; N=2) is required to be centrosymmetric only, whereas mmm 
is expected for the free molecule. Observed departures from the latter sym- 
metry can be accounted for in terms of experimental error, estimated as not 
exceeding 0.01 A in any bond length; such small distortions might also be 
understood in terms of intermolecular forces in the crystal. The data appear 
to be of such quality as to justify the most careful analysis of the probable 
importance of finite series termination. 

Tetraphenylcyclobutane.—Dunitz (39), with the aid of three-dimensional 
Fourier syntheses, has determined the structure of the centrosymmetric 
isomer of 1,2,3,4-tetraphenylcyclobutane. As the molecule is required to be 
centrosymmetric (space-group, P2,;/a, N=2) the rhomboid is the most gener- 
al form permitted for the central ring of four carbon atoms. Dunitz finds 
C—C bonds of 1.555 and 1.585 A, bond angles of 89 and 91°. Within the 
apparently reasonable limits of error assigned, +0.02 A for each bond, the 
results are compatible either with a square configuration having C—C =1.57 
A or with a rhomboid having the smaller C—C bonds approaching the nor- 
mal value, 1.54 A. The molecule as a whole is not even approximately planar; 
it is suggested that some of the distortions may be correlated with interac- 
tions between cis-related phenyl groups. The two sets of bonds connecting 
phenyl and cyclobutane rings are equal, 1.50 A, well within experimental 
error. It may be mentioned that preliminary investigations (40) indicate 
that the octachlorocyclobutane molecule in the crystal has approximately 
the point-group symmetry, 42m. 

p- Nitroaniline—Using two-dimensional Fourier syntheses, Abrahams & 
Robertson (41) have determined the structure of p-nitroaniline (space- 
group, P2;/a; N=4). Insufficient resolution of the projected densities for 
some atoms limits the accuracy, but some interesting conclusions seem well- 
supported. The nitro-group, lying in the plane of the ring, appears to be 
symmetrical with N—O = 1.26 A. Distances in the range from 2.66 to 3.03 A 
between an oxygen atom and three carbon atoms of an adjoining molecule 
are found; even allowing for considerable error in these values, the oxygen 
atom to ring distance should be substantially less than the normal van der 
Waals approach of 3.4 A. Unusually strong attractive forces implied by this 
close approach are of considerable interest in connection with the well- 
known complexes of aromatic nitro-compounds with aromatic hydrocarbons 
(42). 
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Diethyl terephthalate——A rather detailed study in which three-dimensional 
Fourier sections.were used for refinement of parameters has been reported 
[Bailey (43)] for monoclinic crystals of diethyl terephthalate. The molecule, 
required to be centrosymmetric in the crystal (space-group, P2,/n; N=2), is 
virtually planar excepting only the terminal methyl! groups. Six of the eight 
bond lengths in the asymmetric unit agree with expected values well within 
the estimated limit of error, 0.05 A, for each bond length. The lengths of 
the bonds formed by the same oxygen atom with ethyl carbon and carboxyl 
carbon atoms were determined as 1.51 and 1.32 A respectively, whereas a 
common value of about 1.43 A is indicated by data from other structures. 
Despite the unusually large and nonisotropic effects of thermal motions in 
the crystal, Bailey’s careful study speaks strongly for an appreciable differ- 
ence in these two C—O bond lengths. 

Tetrachlorocyclohexane—Hassel & Wang Lund (44) made a structural 
study of orthorhombic crystals (space-group, P2,2:2; N=2) of the tetra- 
chlorocyclohexane melting at 174°C. Positions of chlorine atoms were deter- 
mined from two-dimensional Fourier plots. These positions are consistent 
with the chair form for the cyclohexane ring with C—C bond lengths of 
1.54 A and a mean C—Cl distance of 1.79 A. The coordinates given corre- 
spond to small deviations from the ideal form of the 1e, 2€, 4x, 5x configuration. 

Bisphenylsulfonyl sulfide—In the monoclinic structure (space-group, 
A2/a; N=4) of bisphenylsulfonyl sulfide [Mathieson & Robertson (45)], 
the molecule is required to have a two-fold axis passing through the central 
sulfur atom. Bond angles involving sulfonyl sulfur as the central atom lie 
between 102° (S—S—C) and 117° (O—-S—O); the central S—S—S angle is 
106.5 +1°. Bond lengths generally are in agreement with expected values. 

The setting up of a trial structure was greatly facilitated by ingenious 
use of the observed isomorphism between bisphenylsulfonyl and _ bis-p- 
tolylsulfonyl sulfides. Changes in dimensions of the unit cell resulting from 
the insertion of the methyl groups together with study of the accompanying 
changes in intensities were employed to excellent advantage. 

Dibiphenylene-ethylene—Fenimore (46) has published a study of the 
very complex structure of dibiphenylene-ethylene. Apart from rejection of 
some spurious diffuse reflections the nature of which is not made particularly 
clear in the paper, the x-ray data point strongly to a twelve-molecule ortho- 
rhombic unit of space-group Pcan. Optical and morphological data are used 
together with Patterson syntheses to give the trial structure; two-dimensional 
Fourier syntheses, including a half-cell projection, yield rather approximate 
values of the parameters leading to fair overall agreement between calculated 
and observed amplitudes. Four of the molecules are required to be centro- 
symmetric in the crystal; within experimental error, all 12 are centrosym- 
metric and planar. This configuration requires two extremely close C—C 
contacts, about 2.5 A, between opposing phenylene groups in each molecule, 
while the separation of the attached hydrogen atoms must be smaller still. 
Even though these steric effects can be correlated with the high reactivity 
of the molecule, it seems very desirable to give the structure more detailed 





X-RAY STRUCTURAL CRYSTALLOGRAPHY 225 


confirmation, i.e., both to account for the anomalous diffuse reflections and 
to carry out a refinement of parameters. For this latter, the three-dimensional 
differential synthesis of Booth (3) would appear particularly suitable. 

Aniline hydrochloride——Brown (47) has used two-dimensional Patterson 
and Fourier methods to determine the structure of the noncentrosymmetric 
crystal (space-group, Cc; N=4) of aniline hydrochloride. The carbon- 
nitrogen bond length, 1.35 A is perhaps 0.02 A less than the average found 
for other aromatic amines; the agreement between experimental bond lengths 
and expected values is within the probable experimental error throughout 
the structure. 

Horse methemoglobin.—Perhaps the most interesting structural paper 
to appear during the past year is that of Perutz (48) in which the more promi- 
nent features of the complete three-dimensional Patterson vector map for 
horse hemoglobin crystals are interpreted to indicate the probable general 
arrangement of polypeptide chains within the hemoglobin molecule. We 
cannot take the required space for an adequate paraphrase of Perutz’ 
argument; this is most ably done by Bragg (49), with the additional advan- 
tage that unpublished results of Kendrew on the simpler myoglobin also are 
utilized. 


STRUCTURES OF INORGANIC COMPOUNDS 


During the period covered by this report Zachariasen has published the 
first 11 papers of a series bearing the general title, ‘“Crystal Chemical Studies 
of the 5f-Series of Elements.”’ The first paper (50) tabulates the minimum 
data required to describe the structures of about 55 compounds distributed 
among 17 (mostly new) structural types. Later publications present more 
detailed accounts of about half of the new structural types and also give data 
for additional compounds distributed among previously known types. 

Of necessity, only powder diffraction methods were used in most of the 
work, and a quite unusual ingenuity was required in several determinations. 
Even for the more complex types, the approximate positions of light atoms 
were determined or at least inferred with high probability. 

Fluorides of 4f- and 5f-elements—In only two known cases is the coordi- 
nation number of a 5f-element toward fluorine as low as six. These are a- 
uranium pentafluoride (50, 51) in which the U—F bond length is 2.20—2.23 
A and uranium hexafluoride (27) in which the U—F distance is 2.05 +0.10 A. 
Even for compounds of type formulas, A2MFs and A:MF,, in which A is 
Na, K; M is U, Th, Pu, La, Ce (50), either eight or, more usually, nine 
fluorine atoms are coordinated to the 5f- or rare earth atom. 

Uranium atoms are structurally equivalent both in a-UFs and in B-UF;s 
(50, 51); the formulation, UF,: UF¢, for uranium pentafluoride cannot be 
justified. Details of the particularly interesting structure established for 
uranyl fluoride have been given (50, 52). Neutral layers, UO2F2, stack with 
some disorder along the three-fold axis (ideal structure: space-group, R3m; 
N=1). On the basis of the postulated type of stacking disorder, Zachariasen 
is able to account quantitatively for the intensity distribution of the diffuse 
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FIG. 3. (UO9) Og (or UOgFQ) layer. 


reflections. Within a layer (Fig. 3) the uranyl group [with bond length 1.91 
+0.10 A taken from Ca(UOz)O,] is oriented along the three-fold axis. Each 
uranium atom also forms six octahedrally directed bonds with fluorine atoms 
at 2.50 A. 

Other halogen compounds of 4f- and 5f-elements——The molecule of uranium 
hexachloride (50, 53) in the crystal is a nearly regular octahedron with bond 
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length of 2.42+0.10 A. The hexachloroplutoniate ion (50, 54) in crystalline 
Co2PuCl, is also a nearly regular octahedron with a Pu—Cl distance of about 
2.62 A. The UCI; and PuBr; structural types (50) involve condensed poly- 
hedra with coordination numbers of nine and eight respectively for the metal 
atom. In the tetragonal structure (space-group /4/amd; N=4) established 
by Mooney (55) for thorium and uranium tetrachlorides, each thorium is 
surrounded by eight chlorine atoms, four at 2.46 A, the others at 3.11 A; 
corresponding separations in uranium tetrachloride are 2.41 and 3.09 A. 
The four nearest neighbors outline a tetrahedron (42m) so flattened along 
the unique axis as to approach a moderately distorted square. Within experi- 
mental error the shorter bond distance is equal to that in uranium hexa- 
chloride. 

Oxygen compounds of uranium.—In the rhombohedral structure (space- 
group, R3m; N =1) established for calcium (or strontium) uranate, the uranyl 
group is recognizable as a structural unit and Zachariasen (50, 56) prefers 
the formula, Ca(UO2)O:. The structural type is derivable from that of uranyl 
fluoride through replacement of fluoride by oxide ions to give negatively 
charged layers, (UO2)O2, which are then held together by calcium ions 
(Fig. 3). Careful determination of the two parameters of the structure gave 
uranium-oxygen bond lengths of 1.91+0.10 A within the uranyl group and 
2.29+0.02 A for the six bonds directed from uranium to the surrounding 
octahedrally grouped (oxide) oxygen atoms. The definitely smaller value, 
2.29 A, found for the latter as compared with the U—F separation, 2.50 A, 
in uranyl fluoride implies a significant difference in bond type and suggests 
the possibility that the bond distance in the uranyl group may not be un- 
affected. Unpublished work (57) on the very simple structure of rubidium 
uranyl nitrate, Rb(UO2)(NOs)s3, is of interest in this connection. 

Uranyl and rubidium ions lie on the three-fold axis of the rhombohedral 
unit with Rb—U =4.72 A. Apart from uranyl oxygen, a uranium atom has 
as near neighbors only six oxygen atoms of nitrate ions at 2.72 A. Rubidium 
ion has as near neighbors 12 nitrate oxygens at about 3.14 A and two uranyl 
oxygens at 4.72 —x, where x represents the U—O bond length. With x =1.91 
+0.10 A, as in Ca(UO2)O2, the Rb—O separation lies in the range 2.71 to 
2.91 A. Even the larger value seems quite low for such an ionic aggregate. 
It seems not unlikely that the bond distance in uranyl varies with the char- 
acter of the other bonds simultaneously formed by uranium and that in the 
free uranyl ion the bond length may be significantly smaller than 1.81 A, 
the minimum allowable for Ca(UOz2)Ox>. 

Hexagonal layers, (UO2)Ox, are present (50) in UO3, U3Os, and A2(UO2)O», 
where A is Li, Na, K. In a-UO; (50), there are endless uranyl chains, —O—U 
—O—U-—,, along the three-fold axis. The bond distance is accurately 2.08 
A, just half the axial translation. The six octahedral uranium-oxygen bond 
distances are 2.39 A. 

Sulfides and oxysulfides of 4f- and 5f-elements—The Ce2S3;—CesS, struc- 
tural type (50, 58), with seven established representatives, is based on a 
body-centered cubic cell containing 16 sulfur atoms with the metal atoms 


‘ 


nan 


ot 


Siereersaris e 








(a ne et i el Nh TL aA Stat 


228 HOARD AND GELLER 


distributed over 12-fold positions. The structure (50, 59) established for 
Ce,0.S, La,0.S, and Pu,0.S is closely related to the previously known Ce,03- 
type. Th7S2. (60) has a unique structure involving disorder. CeS, ThS, US, 
and PuS belong to the NaCl-type; TheS3, U2S3, NpeS; to the Sb2S3-type; 
ThS, to the PbCl.-type; ThOS, UOS, and NpOS to the PbCIF-type (50, 
61). An interpretation of several puzzling features (61) of the sulfide struc- 
tures is promised for later publication. 

Silicides of 5f-elements——In the sequence, a- or B-USiz, USi, U3Sie, U3Si, 
a silicon atom is bonded, respectively, to three, two, one, or no other silicon 
atoms (62). The total number of bonds formed by a silicon atom is usually 
nine; for uranium, the total is usually 12. From calculations based on Paul- 
ing’s treatment of metallic bonding (63), Zachariasen concludes that ob- 
served interatomic distances in the uranium silicides (except UsSi) are con- 
sistent with the assignment of 2.3 valence electrons to each uranium atom 
and the normal complement of four to the silicon atom. 

Selenious acid.—In the orthorhombic form (space-group, P2,2:2:; N =4) 
of crystalline selenious acid [Wells & Bailey (64)], pyramidal SeO; groups are 
bound together by strong hydrogen bonds to form double layers extending 
parallel to (100). Because of superposition of peaks on the Fourier projections, 
some coordinates were fixed with only fair accuracy. Se—O distances of 
1.72, 1.75, and 1.76 A, and hydrogen bond lengths of 2.56 and 2.60 A were 
found. The paper also presents illuminating comparisons of the available 
structural data for a group of related oxy-acids. 

Sodium sesquicarbonate—A detailed structure analysis using triple 
Fourier series for refinement of parameters has appeared [Brown et al. (65)] 
for monoclinic crystals (space-group, C2/c; N =4) of sodium sesquicarbonate, 
Na2:CO;- NaHCO;:-2H,0. All carbonate ions are structurally equivalent, 
being linked in pairs by a short hydrogen bridge of length, 2.53+0.02 A. 
Two C—O bond lengths in the planar ion are given as 1.23+0.01 A, and the 
third, to oxygen involved in the short hydrogen bridge, as 1.26+0.01 A. 
Each water molecule forms two hydrogen bonds, comparable with those in 
ice, with oxygen of two carbonate ions at 2.72+0.03 and 2.77+0.03 A. 
The mean Na—O distance (six-coordination) is given as 2.45+0.02 A. 
The (unexplained) estimates of accuracy may be optimistic; even so, the 
study can be placed among the more reliable determinations of complex 
structures. 

Potassium dinitrososulfite—By applying the “heavy atom” technique 
in stages to the isomorphous thallium, potassium, and ammonium dinitro- 
sosulfites (space-group, Puma; N=4), the configuration of the anion has 
been determined while avoiding any assumption as to its structure [Cox 
et al. (66)]. Bond lengths within the anion (Fig. 4), as derived from the com- 
pleted study of the potassium salt, are estimated to be accurate within 
0.06 A. Greater accuracy should result from the detailed but as yet unre- 
ported study of the ammonium salt. 

Potassium trichlorocuprite—Brink & MacGillavry (67) have employed 
three-dimensional Patterson and two-dimensional Fourier syntheses to 
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determine the structure of orthorhombic crystals (space-group, Puma; 
N=4) of potassium trichlorocuprite, K2CuCl;. CuCl, tetrahedra share 
corners to give chains of composition (CuCl;“), extending along the c 
axis; these anionic chains are bound together by potassium ions, each cation 
being 3.12 to 3.27 A distant from seven chlorine atoms. Cu—Cl bond dis- 
tances of 2.31 and 2.32 A to unshared and 2.34 A to shared chlorine atoms 
are found. 

Hexagonal barium titanate—Burbank & Evans (68) have determined 
the structure of a nonferroelectric hexagonal barium titanate (space-group, 
C63;/mmc; N=6). Two-thirds of the TiO, octahedra share faces to give Ti2O9 
groups, which latter must still share corners to achieve the stoichiometric 











FIG. 4. The dinitrososulfite ion. Six atoms are centered in the mirror plane 


ratio. Distortion of the condensed octahedra in the TiO, group is that ex- 
pected from coulombic repulsion of titanium ions, and the whole structure is 
based on closest packing of barium and oxygen ions; in these respects, the 
structure is comparable with that of Cs3Tl:Clo. 

Other synthetic inorganic compounds.—Studies by Magnéli of tetragonal 
potassium tungsten bronze (69) and of the related but more complicated 
tetragonal sodium tungsten bronze (70) have led in the former case to a 
tetragonal unit of content, KgWOs. Positions of tungsten and, less ac- 
curately, of potassium atoms were determined from the x-ray data. Oxygen 
atoms were placed so as to give WO; octahedra sharing corners. In related 
studies, Magnéli found the contents of the monoclinic unit in y-tungsten 
oxide (71) to correspond to WisQx9 and of the orthorhombic unit of y- 
molybdenum oxide to (72) 4Mo,Oun. In both cases, positions of metal atoms 
were fixed from the x-ray data. 

In cubic zirconium oxysulfide [McCullough et al. (73)] each zirconium 
atom is bonded to three sulfur atoms at 2.63 A, another at 2.61 A, and three 
oxygen atoms at 2.13 A to give a polyhedron of symmetry 3m. The normal 
orthophosphates of barium and strontium have a one-molecule rhombo- 
hedral structure [Zachariasen (74)] conforming to established principles. 

Minerals.—A careful redetermination of parameters [Wells (75)] for 
orthorhombic atacamite, CueCl(OH)s3, provides the now familiar picture of 
the bivalent copper atom in octahedral coordination but with four square 
bonds much stronger than the other two. Well’s paper includes an excellent 
summary of the crystal chemistry of cupric compounds. The long-awaited 
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determination of structure for tourmaline has been achieved by Hamburger 
& Buerger who have published a brief but convincing preliminary account 
of their work (76). 

A very accurate study of sanidinized orthoclase [Cole et al. (77)] gives 
bond lengths in the range 1.640 to 1.644 A for all MO, tetrahedra of the struc- 
ture, thus demonstrating that aluminum and silicon atoms are distributed 
at random in both of the structurally distinct sets of the unit. An equally 
accurate determination for ordinary orthoclase is needed in order to decide 
whether in this case aluminum atoms are restricted to just one of the sets. 
A possible subtle difference in structure of this nature is of interest in con- 
nection with the high temperature, apparently irreversible transition of 
orthoclase to sanidine. 

Whittaker (78) has carried out the most accurate structure determination 
to date of a fibrous amphibole, Bolivian crocidolite. Collins & Lipscomb (79) 
have shown that the structure of orthorhombic crystals of groutite, HMnOsz, 
is nearly identical with that of diaspore. The structure of ramsdellite, an 
orthorhombic modification of manganese dioxide, is based on condensed 
MnO, octahedra with the Mn—O bond length of about 1.89 A [Bystrém 
(80)]. Rickardite, a copper telluride, has been assigned to the Cu2Sb-type 
[Forman & Peacock (81)]. 

Intermetallic and interstitial compounds.—Coles et al. (82) report that 
Cu2MnIn has the true Heusler structure and a much more stable super- 
lattice than Cu2MnAl. The alloys UAl:, UAls, UHge, UHgs, and USnz are 
shown by Rundle & Wilson (83) to have standard type structures, whereas 
UHg, seems to have a distorted body-centered cubic structure. Some very 
thorough and interesting work has been done on the iron-nitrogen, iron- 
carbon, and iron-carbon-nitrogen systems by Jack (84). Interesting results 
of studies on the chromium-boron, tantalum-boron, and zirconium-boron 
systems are reported by Kiessling (85). 
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CHEMICAL KINETICS! 


By FARRINGTON DANIELS 


Department of Chemistry, University of Wisconsin, 
Madison, Wisconsin 


Research in chemical kinetics suffered seriously during the war. Except 
in the field of explosives and combustion, there were but few contributions 
from 1941 to 1946 to our over-all understanding of the mechanism of chemi- 
cal reactions or our ability to predict and control the rate of chemical reac- 
tions. The stock of fundamental knowledge previously acquired through pure 
research was subjected to heavy drains for applications in war and industry. 
Fortunately there is now a vigorous activity again which assures that this 
backward but very complex and important branch of physical chemistry 
will go forward at a faster rate than it did before the war. 

Under the heading ‘‘reaction velocity’’ in the Journal of the American 
Chemical Society there were 68 entries in 1949. In the return to fundamental 
research after a period of diversion, the emphasis on the different fields with- 
in chemical kinetics is likely to be different. Perhaps some of the earlier 
activities have been replaced by research programs that seem more im- 
portant, and new applications are being stressed and new tools applied. 

Although new calculating machines are available for handling extremely 
complicated mathematical operations, little attempt has been made as yet 
to expand calculations of reaction rates by Eyring’s semi-empirical method. 
Again, there has been very little new experimental work attempting to evalu- 
ate the importance of the collision theory in gas phase reactions with its 
predicted transition at low pressures from first order to collision-dependent 
second order rates as calculated by Rice, Ramsperger, Hinshelwood and 
Kassel, and others. Many investigators seem to feel that although these 
theories may be significant, the formerly accepted experimental support has 
largely disappeared. Many of the gaseous chemical reactions which appeared 
to show this transition from first order to second order at a few millimeters 
of pressure are now recognized as complex reactions or wall-affected reactions 
which can not be considered significant with respect to the effect of collisions 
on the simple reactions of the rate-determining step. It is hoped that new, 
simple, one-step reactions will be found in which these pressure studies can 
be significant so that a decision can be made on the applicability of these 
collision theories or new ones. No new principles or theories of striking impor- 
tance seem to have emerged recently although it is to be hoped that new 
hypotheses and fresh viewpoints will open up new attacks on the complex 
problems of reaction mechanisms and rate prediction. 

Among the newer tools, the use of radioactive tracers is most promising. 
The service of the Atomic Energy Commission in placing a large variety of 
isotopes within easy reach of laboratories all around the world is yielding 


1 This review covers approximately the period from January, 1949 to December, 
1949, 
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returns in chemical kinetics and in other fields of science faster than might 
have been predicted. The development of new instruments for the measure- 
ment of radioactivity, based in part on accumulated war research, has been 
another factor in this rapid development. Improvements in analytical in- 
struments such as spectrometers with electronic measuring devices, infrared 
spectrometers, and mass spectrometers have helped to give us more precise 
experimental data in measuring the rates of may reactions. 

Although most chemical reactions are extremely complex and although 
the rate equations are often baffling in interpretation, there is a growing 
realization that the complexity is due chiefly to the presence of many simple 
unimolecular or bimolecular steps which are going on successively or simul- 
taneously or in opposition to each other. The great hope for advances in 
chemical kinetics lies in the fact that these simple unimolecular and bi- 
molecular steps can be understood and calculated. The challenge is to put 
these various steps together to give the over-all reaction and predict its rate. 
Only the simplest cases can be handled by calculus and formal mathematics, 
but new calculating machines are beginning to make these calculations of 
multi-step reactions more practical. Important developments are to be ex- 
pected here in the future. 

Fundamental research in chemical kinetics is indispensable for advances 
in applied fields, but these applied fields also contribute their share to the 
development of chemical kinetics. For example, important contributions 
to chemical kinetics are now coming from the field of petroleum products, 
explosives, combustion engineering, high polymers used in plastic chemisty, 
chemical processing in the field of atomic energy, radiation chemistry, and 
many others. It is interesting to observe that the large amount of research 
in organic chemistry connected with reaction rates is rapidly becoming more 
quantitative and more useful in the advance of chemical kinetics. Whereas 
earlier investigators often reported organic reactions in terms of per cent 
conversion at a given time at a given temperature, or temperature at which 
reaction takes place, many organic chemists are now studying the influence 
of temperature and of the concentration of each reactant and expressing 
their results in terms of order of reaction, activation energy, and frequency 
factor. 

Post-war books and monographs on chemical kinetics are beginning to 
appear. The second edition of Moelwyn-Hughes’ book on the Kinetics of 
Reactions in Solutions (105) appeared in 1948. The author emphasizes mecha- 
nisms and stresses the analogy of the reactions in solution to those in the 
gas phase. Among the chapter headings are collision theory, survey of bi- 
molecular reactions, reactions of various types (ions reacting with ions, ions 
with polar molecules, and polar molecules with polar molecules), unimolecu- 
lar reactions, catalyzed reactions, and heterogeneous reactions. 

Amis’ book on Kinetics of Chemical Change in Solution published early 
in 1949 (4) emphasizes ionic reactions and applies in some detail the several 
mathematical theories of Debye, Brgnsted, La Mer, and Scatchard. The 
Eyring theories are reviewed. The book is comprehensive in its main field 
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and well written, but one wonders if some of the applications have not per- 
haps been carried slightly farther than is justified by either the adequacy of 
the theories or the accuracy of the data. 

In the Third Symposium on Combustion, Flame and Explosion Phenomena, 
arranged by Lewis & Hirschfelder (93), a large variety of subjects, practical 
and theoretical, is covered by American and foreign scientists and engineers. 
An examination of the contents leads one to understand where an appreciable 
fraction of the efforts in chemical kinetics were directed during the war 
years. Not only does the book vary greatly in subject matter and interest 
but also in the thoroughness and value of the researches. One hundred and 
thirty pages are devoted to the kinetics and mechanism of combustion reac- 
tions, but there are other sections also of interest to the kineticist including 
one on experimental techniques and one on flame spectroscopy and radiation. 
Most of the symposium emphasized practical application of kinetics, flames, 
combustion, explosion of gases and solids, and combustion in engines, 
rockets, and furnaces. 

Important contributions to chemical kinetics have been made during 
the past vear in the field of enzymes. Wilson (147) has written an excellent 
article on the kinetics and mechanisms of enzyme reactions which includes 
a review of fundamental concepts of chemical kinetics under the following 
headings: Reaction velocity and the physical chemical environment, Inhibi- 
tors, Mechanisms proposed by Michaelis and Menton and by Straus and 
Goldstein, Collision theory, Chain reaction theory, Quantum theory of 
Madwedew, Collision theory calculation of the absolute rate of reaction, 
Effect of pH on enzymes. Seventy-five references are included. 

A survey of some of the more important journal articles in chemical 
kinetics follows. An attempt has been made to cover 1949 publications to- 
gether with a very few from late in 1948. Whenever practical the following 
general order has been followed: (a) purpose of the investigation, (b) state- 
ment of the reaction, (c) experimental techniques, (d) experimental results, 
(e) mathematical formulas (wherever possible the activation energy AH act 
and the frequency factor A of the Arrhenius equation, k = Ae~4#act/®T, are 
included), (f) conclusions, and (g) significance and criticisms. For the sake 
of brevity many of these points are frequently omitted. Some articles have 
been summarized in more detail than others to serve as samples of a given 
type of research. Some can be recorded only by title and many worthy 
contributions must go unmentioned for lack of space. 


MATHEMATICAL ANALYSIS 


Some kineticists have doubted the reliability of the assumption of 
effective equilibrium between the reactants and the activated complex in 
Eyring’s theory of absolute reaction rates. Kramers and Eyring & Zwolinski 
have calculated that any error from the failure to establish equilibrium 
conditions amounts to less than 20 per cent. Hulburt & Hirschfelder (82) 
come to essentially the same conclusion using hydrodynamic equations for 
the mean motion of the ensemble. They show that no changes in the energy 
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distribution among the several degrees of freedom of a reaction complex 
can occur before the activated state is reached unless the complex undergoes 
a collision with a third body. 

The quantum mechanics of chemical kinetics of homogeneous gas 
phase reactions is the subject of a study by Golden & Peiser (63, 64). A 
relation connecting the rate of reaction with the composition and with the 
temperature is derived on the basis of the Born-Oppenheimer approximation 
to the wave functions of a molecular system and the first-order, time-depend- 
ent, perturbation theory of quantum mechanics. The relation is such that 
it can be made to correspond to the collision theory and the activated com- 
plex theory of practical chemical kinetics. Reactions of the type H2.+Br— 
Br+HBr were calculated at 500°K. The absolute rate calculated by these 
equations is such a sensitive function of the coulombic fraction of the energy 
of binding that the calculations are of doubtful value. Other approaches 
appear to be better under conditions such that there will be a lesser change 
due to any error in assigning the fraction of the energy which is coulombic. 
Brunner (34) has inquired into the thermodynamic properties of the activated 
complex and sought to find one that does not involve the conventional fre- 
quency kT/h. 

A fundamental approach to kinetics of the transient state in a continuous- 
ly reacting system was made by Johnston & Edwards (86). Three 500 ml. 
flasks with connecting tubes were arranged in series and vigorous stirring 
was carried out in each. Two solutions were fed into the first and mixed 
thoroughly. Calculations were made on the concentrations in each of the 
three flasks at various times. Potassium chloride solution was mixed with 
water and the build up of chloride ion in each compartment was calculated. 
The experimental results followed the predicted course very closely. In 
another reactign, the rate of ammonolysis of chloroacetic acid to give glycine 
was studied in the three reactors and the rate of conversion was compared 
with those obtained in a batch process and with a tubular flow reactor. 

The calculations were carried out for a three-vessel system, but formulas 
were derived for an n-vessel reactor. When the equilibrium is quickly estab- 
lished, a stationary state is set up and only the equilibrium concentration 
need be known. In slow reactions, however, days may be required to reach 
equilibrium, and it is then necessary to follow the build up of the product 
from the beginning in order to allow for irregularities in back diffusion and 
stirring. 


Gas PHASE REACTIONS 


Now that many previously accepted unimolecular gas phase reactions are 
disappearing in the light of new and more exhaustive experimental measure- 
ments, it is important to welcome any new candidate for unimolecularity. 
Such a candidate is the gas phase decomposition of ethyl chloride. Barton 
& Howlett have published three papers on the dehydrochlorination of sub- 
stituted hydrocarbons. In the first work (16) several chlorinated hydrocar- 
bons were passed through a clean 1.1 cm. hard-glass combustion tube at 
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temperatures up to 550°C. The products were collected in a cold trap and 
analyzed. In the calculations, one mole of chloride was assumed to have 
decomposed for every mole of hydrochloric acid found. Small amounts of 
oxygen or chlorine accelerated greatly the decomposition of 1,2-dichloro- 
ethane, 1,1,2-trichloroethane, and 1,1,2,2-tetrachloroethane, showing that 
these reactions involve free-radical chains. They had practically no effect 
on the five other alkyl chlorides studied. The organic liquid, 1,2-dichloro- 
ethane, contained as an azeotrope ethylene chlorohydrin, which was not 
removed by distillation and like other alcohols is an inhibitor of the oxygen- 
induced decomposition. This impure compound then gave reproducible 
results even in the presence of oxygen. Good first order constants were ob- 
tained. Hydrocarbons act as strong inhibitors for oxygen-induced decomposi- 
tion, and so it is not surprising to find that the halogenated compounds be- 
yond ethane which can break down to give hydrocarbon fragments do not 
show much acceleration when oxygen is introduced. 

The second article (17) is concerned with the thermal decomposition 
of 1,2-dichloroethane determined by a static method in a thermostated tube 
provided with an external glass diaphragm. The products were vinyl] chloride 
and hydrogen chloride as determined by chemical analysis. Reproducible 
results were obtained only after a heavy coating of carbonaceous material 
deposited on the walls from the decomposition products. Ten successive dep- 
ositions were not enough. In some cases up to 100 depositions were required 
for reproducibility. There is an induction period which can be explained on 
the basis of an initial rupture requiring an activation energy of 78+ 10 kcal. 
followed by a chain reaction. Propylene and hexane act as strong inhibitors, 
but ethylene does not. Commercial nitrogen gave a large increase in decom- 
position rate, but after long contact with molten sodium to remove oxygen, 
this effect disappeared indicating that pure nitrogen is not effective. The plots 
of log c against time, ¢, and of log k against 1/T give good straight lines. 
The data are representd by the equation 


k = 6.3 X 109 e~46,000/RT, 


The chain mechanism proposed seems plausible, and calculations are made 
for activation energies, based on the semi-empirical calculations of Eyring 
and of Sherman, Quimby, and Sutherland. A chain length of 10° is estimated 
at 477°C. 

The third paper (18) describes the kinetics of the decomposition of 1,1- 
dichloroethane and ethyl chloride. The former can be described by the equa- 
tion k=1.2X10"e~#9,50/ RT and the latter by the equation k=1.6X10" 
e~ 59,500 RT| The thermal decomposition of ethyl chloride has not been pre- 
viously studied. The experimental set up was the same as that described in 
the second article and the fact that the pressure increases to twice the initial 
pressure was checked by chemical analysis for hydrogen chloride. The log 
c versus ¢t and log k& versus 1/T graphs are straight lines. The reaction fol- 
lowed the first order equation ‘‘well beyond 50 per cent decomposition.” 
Propylene does not inhibit these reactions as it did in the case of the decom- 
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positions of the other halogens, and there is no induction period. The authors 
conclude that the reactions are unimolecular, homogeneous, gas phase 
reactions. 

The decomposition of ethyl chloride is probably the simpler of the two 
reactions. The authors favor a single step reaction with the elimination of 
hydrogen chloride, 

C.H;Cl — C,H, + HCl, 
rather than the reaction 
C.H;Cl — C:H; + Cl 
Cl + C2H;Cl — HCl + C.H,Cl 
C.H; + C2H,Cl — C:H;Cl + CoH, 


because propylene has no effect even in large quantites on the decomposition 
of ethyl chloride. They believe that the activation energy of the free radical 
mechanism should be approximately the energy of the C—Cl bonds. 80 kcal., 
whereas the observed activation energy is only 59,500 cal. They estimate 
on the basis of the semi-empirical caiculation for the reverse reaction and 
the heat of reaction that the unimolecular, single-step elimination of hydro- 
gen chloride should be about 63 kcal., in close agreement with the experi- 
mentally determined value. 

The fourth article in the series of researches by Barton on gas phase 
decompositions of alkyl chlorides is concerned with tert-butyl chloride. 
Barton & Onyon (19) find the rate expression to be 


k= 1012.40 2 g~41,4005 600/ RT sec.~! 


in fair agreement with earlier work by Kistiakowsky giving 


k = 10'3 120.7 ” 45,0002 1,900/RT 


In this paper, the authors summarize their views on the general mecha- 
nisms of dehydrochlorination. There are three mechanisms (a) heterogeneous 
decomposition on clean glass surfaces as in the case of many chlorides, (0) 
homogeneous first order, unimolecular decomposition asin the case of ethyl 
chloride, and (c) homogeneous first order decomposition by free radical 
chains as in the case of 1,2-dichloroethane. The type of decomposition can 
be predicted from the molecular structure. 

A chloro compound will decompose by a radical chain mechanism only 
so long as neither the compound itself nor the reaction products act as chain 
inhibitors. In general, there are apt to be chain inhibitors and so the uni- 
molecular mechanism is more common. Four steps are given which explain 
the chain reactions. 

It is perhaps important to realize that unimolecular gas reactions of this 
type may be due to the creation of chain inhibitors rather than to the relative 
values of the energies of activation for unimolecular mechanisms and for 
chain mechanisms. Again, more research efforts should be expended in study- 
ing kinetics of gas phase reactions in the presence of a large excess of chain 
inhibiting molecules. 

Acetaldehyde in small amounts inhibits the decomposition of 1,2-dichloro- 
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ethane but not that of ethyl chloride according to Howlett & Barton (81). 
These facts are in agreement with the earlier findings that the former is a 
chain reaction but that the latter is not because it produces its own inhibitors 
even without the acetaldehyde. The rate of decomposition of acetaldehyde 
at 457°C. is accelerated by hydrogen chloride, but ethyl chloride, which 
produces hydrogen chloride along with chain inhibitors, does not greatly 
accelerate the decomposition of acetaldehyde. The 1,2-dichloroethane 
which decomposes by a chain mechanism is much more effective than ethyl 
chloride in accelerating the decomposition of acetaldehyde because it lacks 
self-produced inhibitors. 

The gas phase decomposition of propylene has been studied by Szwarc 
(133). Propylene was introduced from a large tank into a quartz reaction 
vessel at 680 to 870°C. and 3 to 14 mm. Hg, and after a few tenths of a second 
the gases were evacuated through liquid air traps and analyzed for hydrogen 
and methane. The short time of contact and the slight amount of decomposi- 
tion reduced the chance for reactions of propylene with its decomposition 
products. A small amount of polymerized product was found. A six-fold in- 
crease of wall area did not affect the rate of decomposition. The propylene 
was purified by fractionation and evacuation of the frozen material. Alternate 
thawing and freezing between evacuation would have been more effective 
in removing volatile material. 

The rate of decomposition is first order and the data are fairly well 
fitted by the equation k= 1.1K 10%e—7?-°°Y kT, Two mechanisms are proposed 
which involve the splitting off of a hydrogen atom. In one the first unimolecu- 
lar decomposition is the rate determining step. The other mechanism involves 
a short chain. 

One of the most thorough studies on gas kinetics using measurements 
of total pressure was that of the thermal decomposition of gaseous methyl- 
ethyl ketone by Waring & Mutter (142). Many features of kinetic studies of 
gaseous reactions are illustrated in this article. The use of total pressure in 
measuring the extent of a complex organic reaction is often open to suspicion. 
Although this method has been widely used in the past, it has frequently led 
to unsound conclusions because the true reactions are often different and 
more complex than the simple ones on which the calculation of pressure in- 
crease is based. Often the number of molecules of product coming from one 
molecule of reactant changes during the course of reaction. If the method of 
total pressures is used at all it should be checked and supported by frequent 
chemical analyses. 

The decomposition was carried out in a 260 ml. quartz bulb at tempera- 
tures from 540 to 630°C., the pressure being measured by a manometer con- 
nected through an electrically heated capillary tube. The final pressure at 
the end of the reaction (after 12 hr.) was 2.75 times as great as the initial 
pressure if the initial pressure was less than 50 mm. Hg. Above 50 mm. Hg. 
initial pressure, the final pressure was about 3 times as great. Chemical 
analysis showed that ketene is an intermediate and increases with time to a 
maximum and then decreases. The reaction is given by the scheme 
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ky ko 
etone —— ketene —— product 
° 


Ca 
ho ky = —— ¢ ktmax 


Bmax 
where C,4°=initial pressure of ketone at time=0, Cz,,,,=concentration of 
ketene at maximum value, fmax = time when the ketene concentration is at a 
maximum and &° is a constant. 

The experimental value of the ratio was found to be eight, showing that 
the second reaction, the decomposition of ketene, is eight times faster than 
the initial and rate determining step. The final products include ethylene, 
carbon monoxide, carbon dioxide, hydrogen and methane and other hydro- 
carbons. The ethylene probably decomposed into methane and carbon and 
gave rise to a coating on the walls which slowed down the reaction slightly 
and gave somewhat more reproducible results. This production of a wall 
coating and its behavior is common in reactions of this type. Although 
the results seem to be reproducible it is not certain that the presence of a coat- 
ing renders the wall completely inactive. 

The velocity constant k, for the initial process was calculated by the equa- 


tion 
l—a 
nan [t="], 


n—a@ 


where n is the fraction of the reaction which has been completed and a@ is 
the ratio of the final pressure to the initial pressure. The values of k and n 
were calculated by solving simultaneous equations. 

Plotting k, against 1/T the overall Arrhenius equation was found to be 


k = 1.21 x 105 ¢ 67,200/RT 
Thus the frequency factor 1.2110" seems to be too high for a simple uni- 
molecular gas phase reaction and the activation energy seems large for a 
chain mechanism. The following mechanism was proposed: 
CH;CHCO + CH, 
i 
CH;CH2COCH; 
\ 


CH.CO + C:H, + He (slow) 
CH;CHCO — CO + C,H, 
CH:2CO — CO + 1/2C2H, (fast) 
C.H, — CH, + C (very slow) 
2CO = CO; + C. 

A chain mechanism similar to that of Herzfeld & Rice for the decomposi- 
tion of acetone was considered also, and it was found that a good first order 
law could be calculated having an activation energy of 67,000. The authors 
object to this mechanism for methylethyl ketone on several grounds includ- 
ing the amount of methane formed, the absence of hydrogen, the eight-fold 


faster production of methyl ketone than the production of ketene, and the 
absence of a large decrease in rate with traces of nitric oxide. 
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Adams & Bawn (1) have measured by means of pressure changes the 
rate of the gaseous decomposition of ethyl nitrate from 180° to 215°C. They 
propose the formula 


k = 10-8 ¢~39,900/RT_ 


The gaseous decomposition is first order, and the primary step is the breaking 
of the O—N bond in the O—NO:. The ethoxy fragments react to form 
acetaldehyde which is oxidized later to CO and COs. 

Several different researches have given values for the heat of dissociation 
of the C—Br bond. Szwarc & Ghosh (134) have determined the dissociation 
energy of the C—Br bond by investigating the rate of pyrolysis of organic 
bromides in a stream of toluene which reacts and removes the free radicals 
R according to the reaction 


The benzyl radicals dimerize to give dibenzyl. The rate of decomposition 
of benzyl bromide was followed by measuring the rate of production of either 
hydrogen bromide or dibenzyl. The reaction follows the first order equation 
and a graph of log & versus 1/T gives a straight line from 500° to 600°C. 
The data follow the equation 

k = 1.0 X 101 ¢-50,800/RT se¢.-1, 


Assuming that the recombination of benzyl radicals and bromine atoms does 
not require an activation energy, the dissociation energy of the C—Br bond 
is taken to be 50.2+2 kcal. per mole. 
Maccoll (98) finds that allyl bromide decomposes by the mechanism 
C;HsBr — CHsCHCH, + Br 


according to a first order equation and that the constants are given by the 
equation 


k = 2.1 X 10!2 ¢~%.500/RT sec_—1, 


The resonance of the allyl group facilitates the breaking of the C—Br bond. 
The course of the reaction was followed by pressure (the final pressure is 
about 1.5 times the initial pressure) and by analysis of the HBr produced. 
It is reported that the constants fall off below 300 mm. Hg and are not re- 
stored by adding oxygen, nitrogen, and propylene, but hydrogen is reported 
to restore the rate to that obtained at higher pressures. Pressure effects of 
this type should be studied further to ascertain if they are significant. 
Melville (101) has reviewed the various experimental methods, direct 
and indirect, which can be used to determine the concentrations of free 
radicals in chemical reactions. The limitations and difficulties are pointed 
out. A new technique for the detection of free radicals in gas-phase reactions 
seems to have been developed by Benington (23). A solution of organic free 
radicals such as triarylmethyl is made to flow in a thin film across a surface 
upon which impinges a stream of gas carrying the short lived free radicals. 
The two free radicals react to form stable compounds which are identified 
later. Hydrogen atoms and methyl radicals were captured by triphenyl- 
methane and the resulting products identified by ultraviolet adsorption. 
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The vapor phase oxidation of ethers has been studied by Chamberlain 
& Walsh (37). The work included the effect of additives such as nitrogen 
dioxide and the reaction between peroxides and formaldehyde. The action 
of atomic hydrogen from an electric discharge with molecular oxygen has 
been studied at high temperatures and under the influence of solid surfaces 
by Badin (11). The initiation of hydrocarbon oxidation by atomic hydrogen 
was explored also. 

The thermal decomposition of hydrogen peroxide is a reaction which has 
a bearing on the hydrogen-oxygen reaction. Using a flow system in the range 
470° to 540°C., McLane (97) was able to obtain consistent results in the gas 
phase by the simple expedient of coating the walls of the pyrex glass vessels 
with crystalline boric acid. In this way the wall effect was greatly minimized. 
Previous workers had found a reaction of low activation energy occurring 
exclusively at the surface. The hydrogen peroxide vapor at a partial pressure 
of 1 to2 mm. Hg in an atmosphere of nitrogen or oxygen was followed in the 
region of continuous ultraviolet absorption using a photomultiplier tube. 
A first order decomposition was found with an activation energy of 40 kcal. 

The oxidation of hydrogen bromide by air has been studied by Szabo & 
Kiss (135) in the range 490 to 635°C. The reaction was followed by measuring 
the total pressure in a quartz vessel with a spiral manometer. The reaction 
is 

HBr + O2 = HOOBr 
HOOBr + HBr = 2HOBr 
2HOBr + 2HBr = 2H.0 + 2Br. 


Packing the vessel to give a 70-fold increase in the glass surface increased 
the reaction rate slightly. The data are summarized by the equation 


log k = 37.3/4.571T + 1/2 log T + log Z. + log f 


where Z, is the collision frequency and f is a steric factor amounting to about 
0.015. The reaction is inhibited by inert gases and the reaction is regarded 
by the authors as an example of negative catalysis produced by deactivation. 

One of the most outstanding of the year’s contributions to chemical 
kinetics is the investigation of the reaction between nitrogen dioxide and 
ozone by Johnston & Yost (85). This reaction had been considered too fast 
to measure, but the authors developed a method using a photomultiplier 
tube and oscillograph and a technique for rapid mixing with which the kinet- 
ics of this reaction has been worked out. An oxygen stream containing NO2 
was mixed with an oxygen stream containing O; within less than 0.01 sec. 
using a mixing chamber with tangential jets. The reaction is completed in a 
time of the order of 0.1 sec. The mixing was continued until a steady state 
was achieved as noted by the constancy of a thermocouple. A steel gate was 
closed magnetically and the rate of disappearance of NO: in this trapped 
section of gases was followed by the change in intensity of a transmitted 
beam of light. An oscillograph connected to a photomultiplier tube was 
made to give a long sweep across the scale by discharging a condenser. The 
beam of light passing through the NOz was chopped with a sector wheel 
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300 times per sec. The light pulsations produced on the oscillograph were 
photographed, and the displacement of each peak thus gave a measure of 
the NO» concentration at intervals of 1/300 sec. The displacements were 
calculated by using known concentrations of NO2 in pure oxygen. The 
reaction was neither isothermal nor adiabatic but the temperature was 
known within 2°. 


The reaction is beautifully second order. The rate constant k given by 
the expression 


— d(O3)/dt = k(NO2)(Os) 
is 1.29 (atm. X10 sec.) at 12°C. Carrying out the experiments from 0° to 
35°C. it was found that k=5.9X10"%e—700V7 RT ml. mole sec.-'. The data 
are explained satisfactorily by the mechanism 
NO, + O;— NO; + Or (slow) 
NO, + NO; + M — N.O; + M (fast). 


The apparatus developed in this investigation opens up the possibility 
of studying fast reactions. The investigation of very rapid reactions is 
important in the study of combustion, flames, and jet engines for example. 
The mechanism of the reaction seems well established and of importance in 
conection with the study of the kinetics of nitrogen pentoxide and other nitro- 
gen oxides. 

Waring & Barlow (141) found that nitric oxide inhibits markedly the 
thermal decomposition of diethy] ketone, but it does not inhibit the decom- 
position of acetone nor methylethyl ketone though free radicals are indicated 
in the latter two cases by the inhibition produced by the addition of propylene. 
The authors suggest that the free radical initially produced on heating di- 
ethyl ketone may be different. 

The dissociation energies of carbon bonds and the resonance energies 
in hydrocarbon radicals are discussed by Roberts & Skinner (121). Making 
use of thermal and other data, they assemble a table of values for free 
radicals which are then used for compiling the dissociation energies of a 
large number of compounds. 

The thermal cracking of paraffins with 2 to 8 carbon atoms has been 
explained satisfactorily as predominantly a chain mechanism involving 
free radicals. The kinetics of higher paraffins has not been studied thoroughly. 
Voge & Good (137) have investigated the thermal cracking of n-hexadecane 
in a flow system at 500°C. at pressures of 1 and 21 atm. The analyses of 
products are in agreement with a radical chain theory. Rates of cracking of 
homologous normal paraffins follow the first order reaction rates fairly well. 
An empirical relation 

k per sec. = (n — 1)(1.57n — 3.9) K 10-5 


applies for rates at 500°C. where 1 is the number of carbon atoms. 

The autocatalytic decomposition of silver oxide at temperatures just 
above 300°C. was followed by the evolution of oxygen in simple apparatus 
described by Hood & Murphy (80). A plot of log x/(1—~) against time gives 
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a good straight line. The kinetics of the disproportionation of stibosobenzene 
were studied at 78°C by Jaffe & Doak (83). The reaction followed the rate 
law —dx/dt=kx(1—x). An apparent activation energy was calculated as 
23.5 kcal. mole!. In the mechanism proposed, a chain is initiated by the 
thermal dissociation of phenyl groups from stibosobenzene and bis-(dipheny] 
antimony)-oxide. 


ORGANIC REACTIONS IN SOLUTION 


Moelwyn-Hughes, who has made perhaps the most intensive study of 
kinetics of reactions in solution, has continued his researches and has pub- 
lished (106) this year a research on the influence of solvents on the kinetics 
of reactions between ions and polar molecules. In this investigation, acetone, 
which apparently introduces fewer complications than are present with 
water and methanol and which Moelywn-Hughes studied earlier (107), was 
used as the solvent. The reaction studied is 


bh 
CH;Br + re CHI + Br-. 


The analytical methods gave reproducible results and precautions were taken 
to eliminate water from all the materials. A changing water content with 
different solvents or at different temperatures would of course profoundly 
affect the ionization and the concentration of bromide and iodide ions mask- 
ing any solvent effect due to dielectric constant or other physical properties. 

In the Arrhenius equation k= Ae#act/®7 the constants at 25°C. are as 
follows where & is expressed in 1. mole sec.“. 


CH;Br+I-—CH;I+ Br- 


Solvent k A AHact 

CH;0H 9.42x10-4 2.261019 18,250+ 250 
H,0 6.84 10-4 1.68 10"° 18,260+ 130 
(CH3)2CO 3.55107! 1.1510" 14,340+1,200 

CH;I+ Br-—CH;Br+I- 

CH;0H 7.9810 3.9 X10" 21,400+ 400 
H,0 4.6110 1.0810" 19,620+ 440 
(CH3)2CO 4.09x10— 2.8310"! 16,150+1,500 


The acid-catalyzed transesterification of butanol and ethyl acetate 
reported by Farkas, Schachter & Vromen (59) is an interesting type of reaction 
for kinetic study. Weighed quantities of the alcohol and ester were placed in 
a vessel and brought to temperature 60 to 80°C. Then 0.1 to 0.2 per cent by 
weight of anhydrous sulfuric acid was introduced by breaking a small glass 
vessel. The course of the reaction was followed by removing samples and 
determining the amount of ester extracted under controlled conditions and 
comparing it with the amount extracted from synthetic mixtures of known 
concentrations. The reaction rates were determined for both the forward 
and reverse reaction 


C;H,OH + CH;COOC.H;= C;H;OH + CH;COOC;Hs. 
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and the ratio of the specific reaction rates check well with the equilibrium 
constant of 0.97 obtained by Adkins & Fehlandt. 

A plot of log ¢ versus time gives a straight line showing the reaction to 
be first order; a plot of log k versus 1/T gives an activation energy of 12,800 
cal. According to the mechanism proposed earlier by Harfenst & Baltzly 
for the alcoholysis of G-naphthyl esters the reaction is divided up into the 
following steps: (a) The ester and proton of the sulfuric acid catalyst form a 
positive ion in a fast reversible reaction; (b) this positive ion reacts with a 
molecule of the alcohol to form an addition complex; (c) the complex breaks 
up to give a positive ion in which the alcohol position of the molecule may 
be or may not be different from the initial one. If steps 6 and c are reversible, 
then the reaction should be first order and reversible. The data support this 
mechanism. 

Haskell & Hammett (74) have measured the rates of reaction and temper- 
ature coefficients of some aliphatic esters using as the catalyst a cation ex- 
change resin containing sulfonic acid groups. Acidic cation resin exchangers 
are effective as catalysts for various acid-catalyzed reactions. The catalyst 
can be removed from the reacting system, and the number of active spots 
on the catalyst can be determined from the structure of the resin. The acid 
catalyzed hydrolysis of esters in 70 per cent acetone was used as the reaction. 
It can be followed easily by titration and is first order with respect to the 
ester concentration. 

For methyl acetate the activation energy at 12.5° to 25°C. has a value of 
15,300 cal. for the resin catalyzed reaction and 16,800 for the hydrogen 
chloride-catalyzed reaction. The entropy of activation is —6.5 e.u. Compar- 
ing the rates of hydrolysis of methyl acetate and ethyl-n-butyrate, the lower 
rates of reaction with the resin were accompanied by lower entropies of 
activation. A major factor in determining the rates seems to be the length 
of the molecule and the internal entropy of the ester as the activated complex 
becomes fixed on the skeleton of the resin. 

Watanabe and Westheimer (143) have studied the kinetics of the oxida- 
tion of isopropyl alcohol by chromic acid and the induced oxidation caused 
by the manganous ion. An intermediate chromium compound is involved, 
in which Cr has a valence of 4. The rate of oxidation of isopropanol by chro- 
mic acid had been studied earlier and found to be proportional to the concen- 
tration of isopropanol, proportional to the concentration of the acid chro- 
mate ion, and proportional to the square of the concentration of hydrogen 
ion. In order to determine the position of attack in the propanol molecule the 
relative rates of oxidation of isopropanol and 2-deutero-propanol-2 were 
measured by Westheimer & Nicolaides (145). The relative rate of oxidation 
of the deuterated compound was about one-sixth, and this fact showed that 
the rate-controlling step in the oxidation involves the removal of the second- 
ary hydrogen (or deuterium) in the isopropanol. The argument would be 
strengthened if further experiments with deuterium placed in other than the 
secondary hydrogen position should show little difference in the reaction 
rates. The extensive literature on the mechanism for chromic acid oxidations 
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is reviewed by Westheimer (144), and many of the oxidations of organic 
and inorganic compounds are explained. The factors involved include the 
oxidation potentials and the loss of one or of two electrons by the reducing 
agent. 

The reaction between phenyl isocyanate and normal and secondary 
butanol in xylene solution has been followed by Dyer et al. (53) using a 
dilatometer. These measurements were checked chemically by adding stand- 
ard piperidine solution and titrating with acid. The temperatures ranged 
from 0° to 35°C. The data were reproducible and gave second order constants 
with an activation energy of 8,100 kcal. for the n-butanol and 9,900 kcal. 
for the s-butanol. The constants varied, however, with the ratio of alcohol 
to isocyanate; for example at 25°C. a 5:1 ratio gave k=1.6 to 1.4X10~4, 
and a 1:1 ratio gave k=1X10~‘ 1. mole™ sec... 

The decomposition of organic acids in concentrated sulfuric acid has 
been investigated frequently in the past because the rate of the reaction 
is easily followed by measuring the evolution of carbon dioxide. Schubert 
(123) has studied the decarboxylation of mesitoic acid as a good example 
of an aromatic elimination reaction. This research is part of a larger program 
seeking to establish rules for the effect of substitution on the elimination of 
groups. Substituents of large size in the ortho position, for example, exert 
a large influence on the elimination of a group from a given aromatic mole- 
cule. A divided reaction vessel was immersed in an oil thermostat and agi- 
tated while carbon dioxide was evolved and measured in a burette. The 
rate constants were calculated from the rate of evolution of carbon dioxide. 
Kinetic measurements were made at 50, 70, 80 and 90°C. and the sulfuric 
acid ranged from 81.8 to 100 per cent. The measured specific reaction rate 
showed a maximum at 83.3 per cent, a decided decrease at 88.2 per cent, and 
a value of zero at 100 per cent. In 83.3 per cent sulfuric acid, the five points 
fitted gave an excellent striaght line when log & was plotted against 1/T. 
The Arrhenius constants are 


k = 4.4 & 10" ¢~27,400/R7 


The decarboxylation of methyl mesitoate in strong sulfuric acid proceeds 
by way of intermediate hydrolysis to mesitoic acid. The following mechanism 
is proposed 


ha 
B+ H,0*<*BH* + H,O 
3 | 
BH* + H,0 = M + H;0* + CO, II 


where B is mesitoic acid and M is mesitylene. Reaction II is the rate deter- 
mining step. 

A plot of log k against Hammett’s activity function does not give a 
straight line, thus showing that the rate is not proportional to BH? alone 
and that the rate determining step is not a first order decomposition of 
BHt. 

The rate of decarboxylation of cinnamic acids is proportional to the con- 
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centration of the mineral acid present asa catalyst, as determined by Johnson 
& Heinz (84). The reaction apparently follows a first order equation and good 
straight lines are obtained when log c is plotted against time. A mechanism 
involving a 8-carbonium ion is suggested. 

The sulfonation of p-nitrotoluene has been studied by Cowdrey & Davies 
(45) from 92 per cent sulfuric acid to 10 per cent oleum at temperatures 
from 25° to 96°C. There is no significant reverse reaction in this range of 
SO; concentration. The calculated activation energy ranges from 7,400 
cal. in sulfuric acid to 18,000 cal. in oleum. The rate is proportional to the 
concentration of nitrotoluene and of sulfur trioxide. 

As part of an extended program on halogenations, Bradfield, Davies & 
Long (29) have studied the kinetics of the bromination of p- and o-chloro- 
phenyl ethers in 75 per cent acetic acid. Rate expressions are given and the 
influence of different substituting groups is summarized. All the measure- 
ment were carried out at 20°C. 

The uncatalyzed alkylation of phenol in the para position with tertiary 
alkyl halides has been studied by Hart & Simons (73). The rate of the reac- 
tion was followed by measuring the pressure of hydrochloric acid liberated 
in a vessel at constant volume. The rate of the reaction is first order with 
respect to the halide and essentially independent of the hydrogen chloride 
pressure. The rate is highly dependent on the phenol concentration, giving 
unusually large apparent orders—2 with nitrobenzene as the diluent, 3.5 
to 4.5 with ethylene dichloride, and 6 with p-xylene. These observations are 
not easily understood. The activation energy calculated from 45° to 55°C., 
the only temperatures used, is 14 to 17 kcal. A mechanism is proposed based 
on an amphoteric medium effect. According to the hypothesis proposed by 
the authors, the tertiary butyl chloride molecules are surrounded by aggre- 
gates of phenol molecules giving multiple collisions and coordination of 
phenol molecules through hydrogen bonding. 

The Sandmeyer reaction, long used in organic synthesis, has been 
thoroughly investigated at room temperature and below by Cowdrey & 
Davies (44) making use of kinetic methods. Diazonium compounds ArN2X 
react with cuprous halides to give aryl halide ArX and some ArN = NAr. 
The course of the reaction was followed by chemical analysis, by infrared 
absorption at suitable wave lengths, and by measuring the rate of evolution 
of nitrogen. The concentration of azo compounds was determined colori- 
metrically. The first order character failed after partial completion of the 
reaction due to the consumption of cuprous chloride in side reactions. The 
ionic strength was kept constant at 4.5 by addition of ammonium sulfate. 

The primary reaction involves the collision between ArN*+ and CuCl. 
The active CuCl; ions are rendered inactive by an excess of chloride ions, 
thus CuCl;=-+2Cl- —CuClh*. The reaction was found to be first order 
with respect to diazonium ion and first order with respect to cuprous chloride. 
The rate was inversely proportional to the square of the total chloride ion 
concentration. Rate equations are given, and an apparent activation energy 
of 6.6 kcal. per mole. The rate of reaction decreases with substitution in the 
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diazo compounds as follows p-NO.>p-CI>H> p-Me> p-MeO indicating 
that the rate of reaction is increased by inserting electron-attracting 
groups. 

The reaction between chromium trioxide and diphenylmethane in glacial 
acetic acid solution has been investigated by Slack & Waters (124). The ini- 
tial reaction is second order with respect to chromium trioxide and first 
order with respect to the hydrocarbon. With triphenylmethane, the reaction 
is first order with respect to chromium trioxide. 

A kinetic study of the hydrolysis of mustard gas and mustard chloro- 
hydrin has helped to elucidate the hydrolysis. It has shown among other 
things the importance of the participation of the neighboring sulfur atom 
in the first order displacement reactions of 8-8-dichlorodiethyl sulfide. 
Since the rate of the reaction does not change with pH over the range studied, 
Bartlett et al. (13, 15) followed the course of the hydrolysis by measurement 
of the time required for the released hydrogen ions to react with a given 
quantity of alkali and give a color change with an indicator. Chloride ion is 
also produced by the hydrolysis, and so its concentration was followed with 
a polarograph. The rate of reaction was the same whether calculated from the 
chloride or the hydrogen ion concentration. 

The mechanism in the absence of competing reactions is 


H 
ky Ki 2 Ky 
RSCH,CH,C1——— R + | Cl- —— > RSCH»CH20H H,0°*, 
(slow) 2 (fast) 


The rate of the reaction is given by the expression 
d(H*)/dt = [kwki(RSCH2CH.Cl)]/[kw + &2(CI-)]. 


The observed values for the effect of ionic strength on the competition factor 
agreed with the value calculated from the Brgénsted equation and the Debye- 
Hiickel equation. The over-all reaction may be considered as two, consecu- 
tive, first-order reactions, the first of which, the initial cyclization, is the slow, 
rate-determining step. 

Kinetic studies have been made by Brown & Eldred (33) on the reaction 
of triethylamine with ethyl iodide, and of quinuclidine with methyl, ethyl, 
and isopropyl iodides in nitrobenzene solutions at several temperatures. 
The second-order equation was used in calculating rate constants. 

The kinetics of the semicarbazone formation with para substituted 
acetophenones has been studied by Cross & Fugassi (46). The rate was deter- 
mined by a competitive method using d-carvone as the competing ketone. 

In the Arrhenius equation 


log k = A — Exe/2.3RT 


for acetophenone and four substituted acetophenones the values of A ranged 
from —0.57 to 5.0 min. and E,-¢ ranged from 4,000 to 11,040 cal. mole“. 
The effect of para substitution on the experimentally determined activation 
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energy is given by the sequence Br>CI>H>CH;>CH;0. Probably the 


rate determining step is a reaction involving transfer of a proton to the reac- 
tion complex. 

The reaction between bromine and alcohol has been studied by Farkas, 
Perlmutter & Schiichter (58) both in the absence and in the presence of 
bromate. The oxidation takes place in two consecutive steps, the first being 
the oxidation of alcohol to form aldehyde, and the second being the oxidation 
of the aldehyde giving ethyl acetate and acetic acid. The 41 per cent alcohol 
is considered to remain constant, and rate expressions are given for the reac- 
tions taking account of the dissociation constant for the tribromide. 

Derbyshire & Waters (48) generated bromine atoms in aqueous solution 
by the reaction 


Fe** + Br. — Fet** + Br- + Br 


and found that they converted maleic acid into fumaric acid by the simple 
mechanism of bromine addition followed by free rotation and elimination. 

Ogata & Okano (109) have found that the methanolysis of 2,4-dinitro- 
dipheny] ethers follows the second order equation, the rate being proportional 
to the product of the concentration of the original ether and the methylate 
ion. Electron-attracting groups in the 4’ position increase the rate, and elec- 
tron-releasing groups in the 2’ or 4’ position decrease it. The effect of the 
substituent on the rate constant satisfies Hammett’s equation. Haas & 
Bender (71) have measured the second-order rates of alkylation of benzyl 
halides with nitroparaffin salts. The rate-determining step is the formation of 
a nitronic ester intermediate. 

The reaction of peroxybenzoic acid with simple cyclic ketones follows 
a second order rate equation at least during the first part of the reaction as 
determined by Friess (62). The reaction is acid catalyzed. The activation 
energy is 15.9 kcal. mole! in agreement with the activation energies of other 
oxidations using the peroxyacids. 

Bartlett & Cotman (14) found that potassium persulfate in water solu- 
tions buffered at a pH of 8 decomposes according to a first order reaction 
with no evidence of free radical steps. The reaction is of interest on account 
of its similarity to the decomposition of diacyl peroxide, which involves a 
chain reaction with an organic solvent. The addition of methanol or alkyl 
alcohol accelerates the reaction greatly and changes the reaction to the 3/2 
power. These facts are explained on the basis of a free radical mechanism. 

The rates of decomposition of several aliphatic azo nitriles has been 
measured by Overberger, O'Shaughnessy & Shalt (111) at 80.2 and 69.8°C. 
in toluene and several different solvents. The rates, measured by the evolu- 
tion of nitrogen, follow the first order equation and are only slightly affected 
by the nature of the solvent. There is an induction period, and the somewhat 
uncertain activation energies range in the neighborhood of 30 to 34 kcal. 
mole. 

The isomerization of levo-pimaric acid in ethanol, according to Ritchie 
& Mc Burney (120) is catalyzed exclusively by solvated protons and is first 
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order with respect to levo-pimaric acid and with respect to the catalyst. 
The rate equation expressed in |. mole! min. is 


k = 6.3 X 10% e721,450/R7, 


Water inhibits the reaction by tying up the protons more tightly in H3;O0* 
ions. 

Application of kinetic formulas to the chlorination of wool by Alexander, 
Gough & Hudson (2) led to the conclusion that when wool is agitated in a 
chlorine solution, the rate determining step is either the diffusion through a 
film with an apparent activation energy of 6 kcal. or the diffusion in the 
fiber with an apparent activation energy of 12 kcal. 


INORGANIC REACTIONS IN SOLUTION 


The most revolutionary paper of the year in the field of chemical kinetics 
is by Olson & Simonson (110). Re-examining the influence of salt on the 
rates of certain chemical reactions, these authors have come to the conclusion 
that in a reaction between ions of the same charge, it is not the ionic strength 
that is significant, but the concentration and character of the ions of sign 
opposite to that of the reactants. The classical measurements of Brgnsted & 
Livingston (30) on the reaction between Hgt*+ and Co(NH;3;)sBr** were 
repeated using modern spectrophotometric techniques which yielded more 
precise data and permitted extension to very low concentrations. Olson & 
Simonson found that their accurate data were not in close agreement with 
the ionic strength relation. They found that the rate of some reactions in- 
cluded in the Livingston diagram (used widely in support of the Brgnsted 
theory and the Debye-Hiickel calculations) have the same rate of reaction 
in solutions of La(ClO,s)3 and NaClO, if the solutions are adjusted to have the 
same ClO; ion concentration. Such solutions, however, differ markedly in 
their ionic strength. The authors propose a new relation which is not based 
on the ionic strength but is based on the concentration of ions opposite in 
sign to the reactants. This relation leads to the same qualitative predictions 
for salt effect as does the Brgénsted and Debye-Hiickel theory, i.e., an in- 
crease in salt concentration increases the rate of reactions between ions of 
like sign and decreases the rate of reactions between ions of unlike sign. 

Olson & Simonson (110) propose the equation 


k = ke[1/(1 + K(X)) + k’(K(X))/(1 + K(X))] 


where & is the specific reaction rate at a certain concentration of salts and 
ka is the specific rate at some very low concentration of these salts k’ and K 
are adustable constants, and (X) represents the concentration of a particular 
ion contributed either by added salts or by the reactants or by both. The 
formula was applied successfully to the reactions which are included in the 
Livingston diagram. 

The form of this expression suggests that the reactants may be divided 
into two groups. In one are included those particles which have the same 
specific reaction rate as they would have at infinite dilution. This fraction 
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is designated by 1/[1+K(X)]. In the other group are included reactant 
particles that are so closely associated with other particles (usually salt ions 
of opposite charge) that the electric force between the reactants is distinctly 
altered. This fraction is designated by K(X)/[1+K(X)]. 

This hypothesis of Olson deserves very careful study and checking in many 
reactions which have been interpreted on the basis of the Deybe-Br¢gnsted- 
Livingston-LaMer theory of a salt influence on the reaction rate depending 
on the square root of the ionic strength. New experiments of high accuracy 
should be devised in an attempt to determine how far Olson’s hypothesis 
can be applied and what are the relative merits at low and high concentra- 
tions of the ionic strength and the concentration of ions. The concept of the 
ionic strength is simpler in that specific chemical properties of the ions are 
not involved—only the valence and concentrations. But Brgnsted, particu- 
larly in 1921 and 1924, emphasized the importance of ions opposite in sign 
and showed that in calculating reaction rates at high concentrations, it is 
necessary to include a term for the concentration of specific ions in addition 
to the ionic strength. 

Cobaltous ion is oxidized by ozone and in turn cobaltous ion catalyzes 
the decomposition of ozone. The kinetics of these reactions has been investi- 
gated by Hill (76, 77). The rate of the decomposition is directly proportional 
to the concentration of ozone. The catalysis can be explained by the mecha- 
nism 


Cot* + O; + H,O — CoOH** + O2 + HO III 
HO + O; — HO: + O2 IV 
HO, + CoOH*t — Cott + H:O + Or. V 


A 2.3-fold increase in surface had no effect on the rate, and the reaction was 
assumed to be homogeneous. Substitution of sulfuric acid for perchloric 
acid gave no change in the rate, and decreasing the pH below 1.6 had no 
effect. An increase in reaction rate at pH greater than 3.5 suggests that a 
precipitate of cobaltic hydroxide gives a more highly catalyzed, heterogeneous 
reaction. Rate equations are set up with constants for the three reactions 
listed which reproduce the experimental data. The heat of activation is found 
to be 9,000 cal. and the frequency factor 2 X 10°. 

Acetic acid inhibits the reaction by forming a cobaltic acetate complex 
instead of cobaltic hydroxy complex, which is more slowly reduced. Spectro- 
photometric measurements were made of the formation of the complex 
Co(C:H;02)** and its equilibrium constant. 

Yeatts & Taube (150) have studied the reaction 


2H* + 2Cl- + O3 = O2. + H20 + Cle. 


In many reactions with ozone, the oxidation reaction procedes too fast to 
allow kinetic studies, and in others the reducing agent induces thermal de- 
composition of the ozone itself, The reaction studied here is free from these 
objections, and significant data have been obtained. 

Ozonized oxygen was bubbled through an aqueous solution of perchloric 
acid and mixed in reaction cells with known quantities of chloride ion. The 
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chlorine produced and unconsumed ozone were swept out with a stream of 
air and titrated after the addition of iodide ion with and without iodate. 
The variables studied included concentrations of ozone, chloride and hydro- 
gen ions, temperature, surface to volume ratio, and catalysis by metallic 
ions. Cupric and ferric ions are not catalytic, but cobaltous ion is strongly 
catalytic. The ozone probably oxidizes cobaltous to cobaltic ion which in 
turn reacts rapidly with chloride ion. 
The mechanism proposed for the uncatalyzed reaction is 


k 
O; + Cl- > O; + ClO- (rate determining) 


2H* + Cl + ClO- — Cl, + H,0 (rapid). 
The rate expression is 
d(Clz) /dé = ki(O3)CI-) + ke(H*)(CI-) (Os). 


At 0°C. and an ionic strength of 0.3 k;=0.0128 1. mole min. and kz is 
0.124 1.2 mole~? min.—. The activation energy for k; is 17.6 kcal. and for ke 
it is 17.5 kcal. 

The reaction between hypochlorites and bromides was found by Farkas, 
Lewin & Bloch (57) to be a simple reaction in the pH range from 10 to 14 
without complicating side reactions. Aliquots from thermostated solutions 
were withdrawn, quenched by excess alkali, and titrated with iodine for 
unreacted hypochlorite and total hypohalite. After treatment with arsenite 
and with phenol, a glass electrode was used for the pH determinations. 

The reaction was directly proportional to the concentration of hypo- 
chlorite and the concentration of bromide, thus giving an excellent second 
order reaction. The temperature ranged from 15° to 40°C. and the over-all 
activation energy was 15 kcal. per mole. However, after corrections for the 
temperature effect on pH and the equilibrium reaction, the activation energy 
of the reaction seemed to be only about 4.5 kcal. per mole with an entropy of 
activation of about 11 e.u. per mole. These values may not be entirely 
significant. 

The mechanism proposed is 


OCI- + H.O@ HOC! + OH- 
HOC! + Br- > HOBr + Cl (slow step). 
Pederson (112) has studied the rate of the reaction 
O.N :CH:COO- — ~OON: CH: + CO2 
in the presence of metallic salts at 18°C. A kinetic formula was developed 


taking into consideration the dissociation constant of the acid. Computed 
tables are given for the function 


y = 0.4343,/1 + x + log (\/1 + xa — 1) +1 


for values of x from 2.00 to 0.01. Nitrates of twelve different metals were 
added. Barium had no influence on the rate. Copper, aluminum, and hydro- 
gen gave the largest effect in slowing down the rate of decomposition. The 
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rate-determining step is the spontaneous decomposition of the free ion. 
When the ion becomes attached to hydrogen or metals there is no decom- 
position. The relative behavior of the metal ions is interpreted in terms of the 
formation of complex ions. 

The alkaline hydrolysis of ethyl acetate was studied by Potts & Amis 
(117) as a function of ionic strength at 0.0°, 9.8° and 19.1°C. When neces- 
sary, the ionic strength was varied by adding sodium nitrate. The authors 
found that the ionic strength affected the specific reaction rate in the manner 
predicted for ion-dipolar molecules by Amis & Jaffe. The dielectric constant 
had a pronounced effect on the rate of hydrolysis. Doyle & Davidson (51) 
have studied the kinetics of the acid-catalyzed hydrolysis of amine disul- 
fonate ion, 


H* 
HN(SO;).7 + H,O)— HSO,- + H2NSO;-. 


The progress of the reaction was followed by titration with 0.02 N base. The 
lowest ionic strength was fixed at 1.0 to minimize variations due to the salt 
effect on the rate of the ionic reaction. The kinetics of the reaction and the 
effect of ionic strength were studied carefully at approximately 25°, 35°, and 
45°C. The data are represented by 


— d{HN(SO;)2"]/dt = &{H*][HN(SOs)27] 


and ko(ml. mole sec.) = 2.54 & 10!7 ¢723.500/RkT, 


The large frequency factor is explained on the basis of a large positive en- 
tropy of formation of the activated complex due to electrostatic interaction 
with the solvent. Plotting log & against 0.5065u"/?/(1+"/?) gives a smooth 
line which is nearly straight. Hypotheses are advanced for the thermodynam- 
ical properties of the activated complex and for the mechanism of the reac- 
tion. 

The decomposition of ethyl xanthic acid has been investigated by 
Chatenever & King (42) in acetic acid buffers. The over-all reaction is 

Pos 

S=C + HC2H,0,—> CS, + CoH.OH + CoH.0,~ 


\s 


and the specific reaction rate is given by the expression 
log k = 11.56—19,050/2.3 RT. 
The rate determining step is probably the bimolecular reaction 
H* 
Cais Powis 
S=C + H,Oo*—> S=C + H,O. 


“i \s- 


The dielectric constant was changed by changing the dioxane content from 0 
to 60 per cent. The activation energy varied from 18,380 to 20,960 cal. and 
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the entropy of activation varied from 3.76 to 23.86. These changes are in 
accord with the electrostatic theory of Christiansen & Scatchard. 

The oxidation of hypophosphorous acid by iodate ion has been studied 
by Hayward & Yost (75). The course of the reaction was followed by titra- 
tion for the iodate ion. A normal and an active form of hypophosphorous 
acid coexist in solution and the conversion of the normal into the active 
form can be the rate determining step. The over-all reaction is 


I0;- + 3H;PO, = [- 3H3PO3. 
The rate law is 


k,(H*)(H3PO2) 
Te as i a 
(TOs) /dt = t/ha) 


where the &’s are defined by the reaction 
ky ks 
(HsPO2)1= (H;PO2)11 — products. 


At 30°C., k has a value of 9.7 mole |. hr.-! and k2/k3 has a value of 0.44- 
The activation energies are 17 and 4.5 kcal. The influence of ionic strength, 
of silver chloride and of proponal was investigated also. 

The decomposition of malonic acid from 0.005 to 0.5 M at pH’s from 0.4 
to 4.89 and at 80° and 90°C. has been studied by Hall (72). The reaction was 
followed by titration with sodium hydroxide. The reaction appears to go by 
two mechanisms: 


HOOC : CH.COOH — CO, + CH;COOH Vi 
and 


HOOCCH:COO- — CO, + HOOCCH:,-. VII 


In the second reaction the HOOCCH:= ion reacts with the solvent to form 
the acetate ion. Good first order rate constants were obtained, but they are 
affected by the initial concentration of malonic acid and the pH. A change in 
PH affects the relative importance of reactions VI and VII. At 90°C. the rate 
constant for the acid (reaction VI) is 7.1110-* sec.—! and the activation 
energy is 30.8 kcal. For the malonate ion (reaction VII) k=0.71 X10~6 sec“! 
and the activation energy is 28.5 kcal. 

Measurements of reaction velocities have been used by Bell & Prue (22) 
to estimate the dissociation of salts in solution. The rate of decomposition of 
diacetone alcohol has been studied in aqueous solutions of the hydroxides 
of potassium, rubidium, calcium, barium, and thallium. The dissociation 
constants of ions such as CaOH? are calculated and found to be in agreement 
with values calculated in other ways. 

The reaction between bromacetate and thiosulfate ions has been studied 
by Wyatt & Davies (148). Barium and calcium thiosulfates were used in 
aqueous solutions. Of three concurrent reactions, the reaction between 
BaS,0; and BrCH.COO- gives concordant rate constants, and in agreement 
with theory shows no salt effect. The velocity constants and the activation 
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energies of the ion-pair-ion reaction fall between the values for the ion-ion 
reaction and the ion-molecule (ester) reaction. 

When sodium thiosulfate and sodium nitrite in aqueous solution are 
competing for iodine at a pH of about 6, Griffith & Irving (68) find that the 
thiosulfate is oxidized, but not the nitrite. The nitrite catalyzes the reaction 
between S.O3;- and Ie. 

The kinetics of the reaction between sodium azide and bromine in 
aqueous solutions has been studied by Griffith & Irving (69) in the presence 
and absence of Na2S.03 and NaeS4Og at 0°, 10°, and 20°C. under a variety of 
conditions. The mechanism is N;+BreN3;Br-<2N;Br+Br-, and 
N3Br+N;—3N2+Br. The first equilibrium reaction is established quickly 
and the second reaction is the rate determining step. 

Rate data have been obtained by Kolp & Thomas (90) on the thermal 
reaction between ceric ion and water in perchloric acid solution. The reaction 
between hypochlorite and bromide has been studied in the pH range 10 to 
14 by Farkas, Lewin & Bloch (57). The rate determining step is HOCI+Br— 
—HOBr+ClI-. The reaction follows the second order closely, and at 25°C. 
the rate constant is 1.7710 |. mole min.—'. The activation energy is 
probably somewhat greater than 4.5 kcal. and entropy of activation seems 
large—about —14 e.u. per mole. 





The halide catalyzed reaction of Ce!¥ with As!!! follows an apparent first 
order reaction as determined by Anderson, Lasater & Lippman (6). The 
order of effectiveness as catalysts is I> >Br~>CI-. The kinetics of the 
reaction between hydrazine and hydrogen peroxide in the liquid phase has 
been studied by Gordon (66) both in the uncatalyzed reaction and in the 
presence of cobalt. 


COMBUSTION AND EXPLOSIONS 


A theory of flame propagation has been developed by Hirschfelder & 
Curtiss (78) working with first-order differential equations suitable for solu- 
tion by differential analyzers or high speed digital computing devices. The 
characteristics of a steady-state, one-dimensional flame are given with refer- 
ence to ambient temperature, pressure, heat transfer, diffusion of free radi- 
cals, and thermal conductivity. The ordinary hydrodynamic equations are 
used after modification to allow the usual expressions for chemical reaction 
rates. 

Researches on the combustion of mixtures of normal pentane and oxygen 
between 250° and 360°C. by Prettre (119) with coated vessels and inert 
gases led to the conclusions that there are involved (a) an heterogeneous 
process of initiation or chain branching which leads to ignition and the 
formation of a cool flame, (6) a predominately heterogeneous process for 
chain breaking below 300°C., and (c) an homogeneous process of chain break- 
ing. 

The existence of at least two stages in the combustion of higher hydro- 
carbons and their derivatives has been established. In the low temperature 
range, reaction is accompanied by both luminescence and the propagation of 
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a cool flame. This phenomenon and the influence of pressure, temperature, 
and composition have been studied further by Spence & Townend (126). 
Boord (28) has used a five step mechanism, proposed by Walsh (139), in- 
volving the reaction of free radicals with molecular oxygen to give peroxides 
to correlate engine data with the oxidation of isooctane. He concludes that 
the chlorination, nitration, and combustion of the simple paraffin hydro- 
carbons can all be explained on a common basis of a free radical chain 
mechanism. All three of these reactions involve the relative reaction rates 
of the primary, secondary, and tertiary hydrogen atoms. 
The vapor phase oxidation of diisopropyl ether by oxygen at 360°C. is 
inhibited by aromatic compounds according to the researches of Chamberlain 
& Walsh (36, 37). The effect is probably caused by stopping of free radical 
chains by the reaction between the free radicals and the benzene ring which 
possesses a resonating structure with an electronic cloud. This hypothesis is 
applied by Walsh (140) to the ‘‘antiknock”’ effect of aromatic compounds in 
internal combustion engines. Preliminary work on the combustion of methane 
at low pressures in single explosions and inflow experiments has been re- 
ported by Everett & Minkoff (55). 
Mulcahy (108) mixed hydrocarbons with oxygen in quartz vessels at 
temperatures up to 300°C., and observed the rate of rise in pressure. There is 
an induction period which increases linearly with the product of the hydro- 
carbon and oxygen concentrations. It is assumed that the inverse induction 
period is proportional to the rate of chain initiation which occurs by the 
reaction RH+0:;—>R+HOz2. Surface and temperature effects were studied 
also. 
A determination by Andersen & Fein (5) of temperature distribution and 
gas velocities in special Bunsen flames is an aid to the study of chemical 
kinetics of flames. Photographs of stroboscopically illuminated particle 
tracks were used in these measurements. Goldfinger, Le Goff & Letort (65) 
report spectroscopic observation on a stream of flowing gas in a high fre- 
quency discharge which they interpret to be evidence for the methylene free 
radical CH». 
The carbon monoxide flame is of interest in kinetics because it is one of 
the most luminous. The fact that one photon of radiation is emitted for every 
125 molecules of carbon dioxide formed indicates that electronically excited 
molecules must be produced over and above the thermal excitation. Griffing 
& Laidler (67) have discussed possible mechanisms for this reaction. Sterling 
& Arthur (128) measured with a palladium tube the concentration of hydro- 
gen molecules and atoms at various positions in a carbon monoxide flame 
to which various substances including hydrogen, water, chlorine and silicon 
tetrachloride, and iron carbonyl were added. 
The mechanism of the oxidation of carbonaceous materials and solid 
fuels is a very practical problem which is being attacked along the lines of 
chemical kinetics. Jones & Townend (87) have shown that the formation 
of a peroxygen complex is involved in oxidation at low temperatures and 
that adsorbed water is necessary. Arthur, Bangham & Bowring (7) have 
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sought to identify the sites of the energy release at temperatures in the range 
85° to 100°C., and they conclude that some of the earlier hypotheses for 
the carbon-oxygen reactions are incorrect. They have studied the effect of 
various inhibitors including several different halides. They conclude that 
the water-catalyzed oxidation of carbon monoxide is important. Mertens 
& Hellinckx (103) oxidized graphite in quartz tubes in a stream of oxygen 
at 1,000°C. in the presence of carbon tetrachloride as an inhibitor and quickly 
chilled the products. Under these conditions the chief product is carbon 
monoxide and not carbon dioxide. The authors believe that these results call 
for a revision of combustion theories and that they have a bearing on furnaces 
and the underground gasification of coal. 

Whittingham (146) has contributed to our knowledge of the oxidation 
of sulfur dioxide in combustion. The mechanism of the formation and con- 
densation of corrosive sulfuric acid is one aspect of the over-all problem. This 
investigation was concerned with the oxidation of sulfur dioxide during the 
slow combustion of carbon monoxide and in carbon monoxide flames. The 
oxidation of sulfur dioxide was studied in mixtures of CO-O2-N» using both 
a dew point measurement on the products of combustion and chemical 
analysis. It is concluded that the sulfur dioxide is oxidized largely by oxygen 
atoms. Iodine and water vapor were among the foreign substances studied 
in this reaction. 

Continuing their extended work on the hydrogen-oxygen reaction, Lewis 
& Von Elbe (94) are opposed to a chain initiation by the dissociation of 
hydrogen molecules, and they argue for the 14 step mechanism which they 
have proposed earlier. The influence of various coated walls has been exam- 
ined with respect to their catalytic and inhibiting effects. Studying the re- 
combination of hydrogen atoms and hydroxyl radicals from an electrical 
discharge, Byrne (35) found hydrogen atoms produced in OH-OH reactions 
on certain oxide surfaces. As one more step in understanding the kinetics 
of the thermal combination of hydrogen and oxygen, Holt & Oldenberg 
(79) have identified hydrogen peroxide as an intermediate product, using 
absorption measurements at 2,537A. The hydrogen peroxide concentration 
is nearly proportional to the mole fraction of hydrogen in agreement with 
the Von Elbe & Lewis (138) mechanism for the reaction. None of the experi- 
mental data contradict this postulated mechanism. 

The reaction between formaldehyde and nitrogen dioxide has been 
studied in an all glass vessel by Pollard et al. (115, 116) in the region of slow 
reactions and in the explosive range. The reaction rate was followed by pres- 
sure measurements with a glass spiral gage. At temperatures betwen 118° 
and 160°C., the reaction is homogeneous and the rate is proportional to the 
product of the pressures of the two gases. The second order reaction is 
expressed by the following equation: 


k = 107-! ¢—'5,100/RT |], mole sec.—!. 


Above 160°C. the mechanism changes and k=10%~'9/fT, and at still 
higher temperatures, the reaction becomes explosive. The thermal explosion 
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occurs when the transfer of heat away from the reaction zone is insufficient 
to prevent the temperature of the gas from rising, thereby increasing the 
rate to an uncontrollable extent. 

The explosive limits of mixtures of hydrogen and nitrous oxide have 
been studied by Fenimore & Kelso (60). The presence of the radical HO: 
is indicated in the reacting system. In order to obtain reproducible results, 
it is necessary that the gases be introduced into the vessel quickly and that 
they be free from oxygen. An upper and a lower limit of explosibility was 
found in the ranges between 675° to 850°C. and between 40 and 80 per cent 
N.O. In Vycor vessels above 900°C. the explosion is not inhibited by the 
addition of oxygen, but at lower temperatures molecular oxygen poisons the 
explosive reaction. The minimum in the explosibility limits is due to the poi- 
soning by oxygen from the decomposition of nitrous oxide. The mechanism 
of poisoning is probably 


H+0O.+M—HO,+ M. 


The chemical reactions during adiabatic flow through a rocket nozzle 
have been analyzed mathematically by Altman & Penner (3). The rate of 
change in temperature is calculated, and it is shown that the changes are 
too rapid to produce significant changes below 2,500°C. due to the reaction 


2NO@ Nz + On. 


The rate of the thermal decomposition of the explosive cyclotrimethylene 
trinitramine (cyclonite) was measured above its melting point by Robertson 
(122) using the rate of evolution of gases. To prevent explosions, only a 
few milligrams of material were used and temperatures were kept below that 
at which heating exceeds the value of the expression RT?/E where E is the 
activation energy. The reaction is first order, given by the expression k = 10'8-5 
e~47,500/RT in the range 213° to 299°C. However, an acute catalytic effect was 
observed. A plot of log k against 1/T gave a good straight line. The reaction 
was slightly faster in solution when the material was dissolved in dicyclohexy] 
phthalate solution or in TNT solution at 200 to 250°C., a fact which was 
interpreted by the author to indicate short chains. The large frequency 
factor however might suggest longer chains. 

The oxidation of decalin (trans-decahydronaphthalene) has been 
studied from 80° to 120°C. by Arthur & Smith (8). A stream of oxygen was 
passed through liquid decalin in a closed circuit. Measurements were made 
on the amount of oxygen taken up and on the weight of volatile oxidation 
products. The rate of retention of oxygen is independent of the oxygen 
concentration but depends on the 3/2 power of the decalin concentration. 
The rate of formation of volatile oxygen compounds is independent of oxy- 
gen concentration and directly proportional to the decalin concentration. 

The relationships between chemical structure and performance as a high 
explosive has been reviewed by Lothrop & Handrick (96). Data were obtained 
from a war time project in which data on 177 pure, organic, nitrogen-contain- 
ing compounds had been collected. The factors studied were internal oxygen 
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balance, heat of explosion, plosophoric groups, which, on substitution into 
a hydrocarbon, are capable of forming an explosive, and auxoplosive groups, 
which alter the explosive properties. Seventeen graphs are given connecting 
these factors with power or strength of the explosive and with the shattering 
effect or brisance. 

Eyring et al. (56) have given an extensive review of the kinetics of detona- 
tion which involve the rate of a chemical reaction. The actual detonation 
occurring in a time interval of perhaps a millionth of a second at the high 
temperatures prevailing inside the explosive can not be studied directly 
and the kinetics of the chemical reaction is unimportant. The shock wave 
and fragment velocities can be calculated from thermodynamics and hydro- 
dynamics. This review is concerned however with other accompanying 
phenomena in which the rate of the chemical reaction is important, such as 
the conditions of mechanical blow or shock from another explosive necessary 
to initiate detonation, the conditions required for full detonation or failure 
of detonation, and the comparison of confined and unconfined explosives. 
Mathematical conditions are given together with worked-out examples. 
A collection of theoretical and experimental material from the open literature 
and from some unpublished but unclassified reports is presented. Funda- 
mental theories are given for ideal detonation waves together with experi- 
mental verifications. Most of the more than 100 pages are concerned with 
nonideal detonation waves, with the different reaction zones, with the failure 
of detonation, and with detonation produced in different ways. 

The high frequency factor reported in some reactions of the explosive 
type to be as large as 104 has been examined by Szwarc (132), who believes 
that the rate of the over-all reactions in such cases may be explained on the 
basis that the rate of the over-all reaction is equal to 2k,koct where c is the 
concentration and , and k2 are specific rate constants of normal unimolecular 
reactions each with a frequency factor of the order of 10%. More complete 
evidence for reactions with frequency factors of 10% would seem to be called 
for before making extended efforts to explain such a phenomenon. 


IsoTOPIC REACTIONS 


Seventeen papers on isotopic exchange reactions and chemical reactions 
were presented at a symposium in December, 1948 at the Brookhaven Na- 
tional Laboratory (31). Many of these researches have been published sub- 
sequently in the scientific journals and some are reviewed elsewhere in this 
report. The papers of the Brookhaven conference include such general papers 
as the “Isotopic Effects in Simple Chemical Processes’’ by Yankwich, 
“Theory of Isotope Effects in Chemical Reaction Rates’ by Bigeleisen, 
“Stable and Unstable Isotopes in Catalytic Research” by Turkevich. Among 
other papers at this conference were studies of catalytic reactions on iron, 
reactions involving complex ions, and exchange between ions in different 
states of oxidation. 

The relative rates of reactions of isotope provide a unique means for 
testing the theories of chemical kinetics. For example, in a reaction involving 








ing compounds nad been collected. 1 he tactors studied were internal oxygen 


260 DANIELS 


only the breaking of a carbon-carbon bond it can be calculated on the 
basis of the Eyring semi-empirical equation and some simplifying assump- 
tions that the simple C'*—C* bond should react a little slower than the 
C2—C® and tend to give a slight concentration of the Cin the last residue 
of a reacting mass. Some of the factors, which complicate a comparison 
of the rates of reactions of different substances, cancel out when isotopic 
reactions are compared. There may be important differences in isotopic 
reactivity when they are applied not to reactions in equilibrium but to the 
competing reactions of the two isotopes. 

Bigeleisen (24) has examined the rate constants for competitive reactions 
of isotopic molecules from the point of view of the theory of absolute rates 
and the collision theory. He concludes that the difference in activation ener- 
gies between the reactions of the two competing isotopes covers the range 
from zero to the difference in the zero point energies of the reacting molecules 
and the respective activated complexes. Formulas are derived for the ratio 
of the rate constants and the difficulties in the calculations are discussed. 

A little experimental work on relative rates of reactions involving isotopes 
is beginning to appear, and it is hoped that investigations in this branch of 
kinetics will be considerably expanded. In 1948 Beeck and co-workers (20) 
found that in the isomerization of propane the dissociation of the C'*—C"™ 
bond was 12 per cent less probable than the dissociation of the C'*—C!? 
bond. Additional experiments gave a C!*—C!2/C!*—C* rupture ratio of 
1.08 for thermal cracking at 500°C. contrasted with 1.22 for electron impact 
rupture. When C™ carboxyl-labeled ethyl benzoate is subjected to alkaline 
hydrolysis, the ester molecules containing C' hydrolyze at a slower rate than 
normal ester molecules. Attree & Stevens (10) found that the ratio of the 
hydrolysis constants at room temperature is 0.86+0.016. Bigeleisen & 
Friedman (25) measured the competing rates of decomposition of malonic 
acid in the case of the isotopes C!*—C!* and C!2—C* and found differences 
which agree with their calculations but which are not as large as would be 
expected from the results calculated on the basis of the Yankwich & Calvin 
experiments with C!*—C"™ and C!2—C%, 

Yankwich & Calvin (149) studied the rates of decarboxylation of malonic 
acid and bromomalonic acid. The rupture ratio C!#—C!?2/C!2—C™ was 1.11 
for malonic and 1.57 for bromomalonic acid leading to differences in activa- 
tion energies of 96 cal. and 250 cal. respectively. The authors concluded that 
the effect is too large to be accounted for on the basis of the mass effect alone 
on the carbon-carbon vibration. 

In the alkaline hydrolysis of ethyl benzoate, Stevens & Attree (129) 
found that the ester molecule containing C' hydrolyzes slower than the nor- 
mal molecules. The ratio of the hydrolysis rate constants was 0.86. Pitzer 
(114) has offered an explanation for the unexpectedly large differences in 
the rate of these competing reactions of isotopic C™ based on a somewhat 
different choice of a vibrating model. He calculates a rupture ratio C!2—C!2/ 
Cl2=—C% of 1.14 for malonic acid as compared to Yankwich & Calvin's experi- 
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mental value of 1.11. He considers the effect of the presence of two C!*—C” 
bonds on the equilibrium concentration of activated molecules. 

Beeck and co-workers (21) observed that in the reaction of monodeutero- 
butanes with concentrated sulfuric acid, the deuterium did not exchange in 
normal butane but that it did exchange in isobutane. The correlation of the 
rate of the exchange reaction with the acid strength in the case of sulfuric 
acid gives a means for measuring the strength of very strong acids. 

The rate of exchange between bromine and bromotrichloromethane in 
the gas phase has been studied simultaneously and independently by Miller 
& Willard (104) and Davidson & Sullivan (47). Miller & Willard studied the 
reaction also in the liquid phase and in carbon tetrachloride solution. Their 
temperatures ranged from 100°C. in the liquid to 220°C. in the gas phase. 
The activation energy is 29 kcal. in all cases. The rate constants are nearly 
the same in the gas and liquid phases, and the rate is proportional to the 
first power of the concentration of CCl;Br and to the square root of the 
bromine concentration. 

The mechanism of the exchange proposed by Miller & Willard is either 

CCl;Br + Br — CCl; + Bre 
CCl; + BrBr* — CCl;Br* + Br 
or CCl;Br + Br* — CCl;Br* + Br. 


A value of 7 kcal. mole is calculated for the primary reaction with a Br 
atom, and if this is correct, the heat of dissociation of the carbon-bromine 
bond should be less than 52 kcal. mole“. 

Davidson & Sullivan working in the gas phase between 147° and 182°C, 
obtained results in good agreement with those of Miller & Willard. They 
found the rate to be equal to &yprq}"2¢cc1;Br) and 


log k = — 33,100 + 400/4.574 T + 12.75(+ 0.20). 


For the elementary reaction with bromine atoms, the frequency factor was 
7.9X10'° and the activation energy 10.3 kcal. The mechanism proposed is 


Br* + BrCCl; — BrBr* + CCl; 
CCl; + Br.* — Br*CCl; + Br*. 
The production of chloroform during the reaction was taken as proof of the 
presence of CCl; radicals. 

Dodgen & Libby (49) have studied the exchange reactions in the gaseous 
state between the halogens and the hydrogen halides. Chlorine and hydrogen 
chloride exchange rapidly in the dark, but fluorine and hydrogen fluoride 
do not exchange. The authors believe that exchange takes place through 
the formation of an intermediate complex of the type H X3. 

Using radioactive chlorine as a tracer Dodgen & Taube (50) have studied 
the mechanisms of reactions in solution which involve changes in the oxida- 
tion state of chlorine. The oxidation of chlorite by chlorate in acid solutions 
is much slower than the disproportionation of chlorite. Many other con- 
clusions are drawn concerning reactions which involve chlorine molecules, 
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chlorine atoms, chlorite, chlorate, hypochlorous acid, chlorine dioxide, and 
chloride ion. An unsymmetrical intermediate 


O 


4 
a 


Cl—Cl 
BY 
O 


is helpful in explaining several of the reactions. 

Radioactive tracers are providing an excellent means for studying the 
kinetics of transfer of electrons between ions of a metal in different oxidation 
states. One of the best of these researches during the past year is reported by 
Prestwood & Wahl (118). Radioactive thallium (3.5 year Tl?) was con- 
verted to the TI*** form and introduced into a mixture of TI* and TI*** 
that had come to equilibrium in a thermostat. Aliquots were removed at 
definite time intervals, and specific activity measurements were carried out 
on both fractions. The thallous and thallic ions were separated by four 
different chemical methods. An apparent zero-time for exchange was obtained 
by counting components of an aliquot just after introduction of the isotopic 
Tr. 

Apparently, in 2.5 N HC1QO,, the exchange reaction between TI*** and 
TI* is second order. The ionic strength was kept at 3.68 with NaClQ,. 
Sodium nitrate was found to affect the exchange rate. The rate of the 
reaction R is given by 

R = (TI*)(TI***) { [2 + k’/(H*)] + [k’"(NO5-)]}. 
The following values of the specific rate constants were obtained 
k = 3.8 X 108 e~17,600/ RT mole“ |. sec.—! 
k’ = 7.9 ge 10,300/RT sec.” 1 


Rk" = 2.5 XK 108 €~18,000/kT mole? |.2 sec.-!. 


ll 


In the nitrate, perchloric acid solutions there are probably three paths by 
which the exchange takes place: (a) TI7-+TI***7*2T1** + TI***, (6) hydroly- 
sis and transfer of electrons betwen TI(OH)** and the other reactant, 
and (c) compex formation of Tl*** with nitrate ion to give [TI*NO,]**. 
It was found also that a platinum wire is catalytic. 

The rate of isotopic exchange between Sb!!! and SbY was studied in con- 
centrated hydrochloric acid solutions by Bonner (27). The activation energy 
from 10° to 35°C. is 27+2 kcal. mole“. 

Exchange between Ce!!! and Ce!Y and between Fe! and Fe!!! has been 
found by Linnenbom & Wahl (95) to be too fast to measure quantitatively 
by a diffusion method over a period of one to four hours. Earlier investigators 
found a much slower rate of exchange between Fe™ and Fel, 

Using a diffusion method, Gryder & Dodson (70) found complete exchange 
between Ce!!! and Ce!’ in two hours, but by using an ether extraction method 
for separation they found that the rate of exchange can be measured. The 
half life of the reaction ranges from 11 to 88 min. depending on the concen- 


CHEMICAL KINETICS 263 


trations. The reaction is first order with respect to cerous ion and with respect 
to ceric ion, and the activation energy is 13.4+0.7 kcal. 

Exchange between Co! ion and colloidal cobaltic hydroxide in water 
does not take place either in the presence or absence of hydrogen peroxide 
according to the findings of Broughton, Wentworth & Farnsworth (32). 
The research was carried out because Polissar had found that there is an 
exchange between Mn** ion and colloidal MnOzin the presence, but not in 
the absence of hydrogen peroxide, which had been attributed to a cyclic 
oxidation and reduction of the manganous ion. 

The exchange of Hg! and Hg! in solution is of interest because the ex- 
change involves the breaking of the bond in the dimeric Hg!. King (88) 
found that the homogeneous exchange with radioactive mercury is rapid. 
As in all cases where the separation is effected by precipitation, the possi- 
bility exists that exchange is induced during the separation. 

As shown by Duffield & Calvin (52) the rate of appearance of the radio- 
activity in the species which contained no activity will be first order with 
respect to the activity regardless of the mechanism or the true order of the 
reaction. It is possible, however, to calculate the true order. 


POLYMERIZATIONS 


The polymerization of liquid butyl acrylate has been studied by Melville 
& Bickel (102). The rate was determined by means of molecular weights and 
by the use of tetraphenyl hydrazine as an inhibitor. Calculations for growth 
at 25° give k=13 1. mole sec.—'. The frequency factor is 4.4 X10‘ and the 
activation energy is 2 kcal. mole™. 

The processes for the formation of phenolaldehyde resins are summarized 
by Sprung & Gladstone (127). The rates of condensations of o-methylol 
phenol (saligenin) with itself, with phenol, and with resorcinol have been 
studied in the presence and absence of basic catalysts. In the absence of a 
catalyst, 2,2’-dihydroxydibenzyl is formed by an apparently second order 
reaction with an activation energy of 20 kcal. mole~!. General kinetic equa- 
tions for copolymerizations are proposed by Bamford & Dewar (12). 

The chain initiation in styrene polymerization was studied by Smith 
(125). Potassium persulfate initiates the chains and through the use of radio- 
active sulfur, it was found that fragments of the persulfate are combined 
chemically with the polymer. Accordingly, the number of polymerized 
molecules was counted by counting the number of sulfur atoms found in the 
polymerized material. The rate of polymerization agreed with the rate cal- 
culated from particle size measurements and from molecular weight measure- 
ments. The polymerization involves free radicals, and the rate does not de- 
pend on the interfacial area between organic and aqueous phases. 

The mechanism of chain propagation in the oxidation of polyisoprene 
was studied by Bolland & Ten Have (26). The oxidation of hexaisoprene 
in the presence of benzoyl peroxide and in the presence and absence of hydro- 
quinone was found to be the same as for the mono-olefines. Pepper (113) 
found that the polymerization of olefines by Friedel-Crafts catalysts is 
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markedly increased by an increase in the dielectric constant of the medium. 
In solvents of high dielectric constant, the polymerization has an ionic 
mechanism. In solvents of low dielectric constant, the hydrate may play a 
part. The kinetics of the stannic-chloride catalyzed polymerization of styrene 
was studied. The initial rate of polymerization is proportional to the square 
of the styrene concentration and the first power of the stannic chloride 
concentration. The catalyst is the anhydrous stannic chloride. Experiments 
were reported by Eley & Richards (54) on the polymerization of vinyl-2- 
ethylhexyl ether in the presence of various catalysts. The accelerating influ- 
ence of solvents of high dielectric constant suggests an ionic mechanism when 
the catalysts are iodine, stannic chloride, and silver perchlorate. When a 
m-cresol solution of biphenylmethy] chloride is the catalyst the polymeriza- 
tion is probably initiated by the carbonium ion. 

The rate of polymerization of methyl methacrylate was determined by 
Matheson et al. (100) by measuring the rate of shrinkage. Free radicals 
were produced by constant and by intermittent light at 3,660A. Estimates 
of the life time of the kinetic chain were computed from the fractional dark 
rate and the time, making use of the variable sector wheel. A major change in 
the rate of polymerization was observed after about 15 per cent conversion 
which is attributed by the authors to a marked decrease in the rate of termi- 
nation of the polymerization. 


BIOCHEMICAL REACTIONS 


One of the year’s best contributions to chemical kinetics has come from 
the field of enzyme research. Following earlier publications, Chance has pub- 
lished eleven articles (40, 41) in 1949 on the kinetics of catalases and per- 
oxidases. An earlier paper (38) described the jet mixing and the measurement 
of colored intermediates. 

In the apparatus, which is designed for spectrophotometry with time 
resolution, one syringe injects enzyme solution and the second syringe in- 
jects substrate intoa capillary mixing vessel with a bore of 1 mm. A spectrom- 
eter grating with photocell and oscillograph permits measurements of 
very rapid reactions. Second order reactions were studied in solutions as 
dilute as 10-* M/ in order to make the reactions slow enough. Some measure- 
ments were carried out with a stop and flow technique and others with a 
continuous flow. The disappearance of less than 1X10-* M peroxide was 
measured with an error of less than 5 per cent. Studies were made on the veloc- 
ity of the reaction in which the enzyme-substrate complex of peroxidase 
and hydrogen peroxide reacts with reducing substrates or acceptors. 

Much of the work was done with horseradish peroxidase. The influence 
of potassium cyanide was studied in its competition for iron. Polarographic 
studies were made with a polarized micro platinum anode in the capillary 
of the rapid-flow apparatus. Also the influence of pH on the velocity constant 
for enzyme activity toward a specific acceptor was studied. The oxidation- 
reduction potential of different acceptors was not found to have any correla- 
tion with the velocity constants for their reaction with the complex. Methyl 
and ethyl peroxide reacted more slowly than hydrogen peroxide. 
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According to Michaelis the reaction of the enzyme £ with the substrate 
S goes according to the reaction 


E+S@ES—-E+P 


where the ES complex is in rapid equilibrium with EZ and S and the decom- 
position of the ES into E and P is the rate-determining step. 

The Michaelis-Menton theory can be amplified by these physical chemi- 
cal measurements. There are two complexes, Complex I which is green and 
Complex II which is pale red. Complex II is formed by a first order reaction 
from Complex I. Complex II reacts to regenerate the catalase and the veloc- 
ity constant for the reaction of Complex II with the acceptor is an absolute 
measure of the enzymatic activity toward a particular acceptor at a given 
time. 

The measurements of this investigation show that Complex I rises to 
a maximum and falls in concentration. Its formation is rapid but not so 
rapid as to defy rate measurements, and the reverse reaction is not entirely 
negligible. 

In these studies Chance made use of a differential analyzer to solve a 
whole set of rate constants in the complicated reaction (39). This is one of the 
first times that the differential analyzer machine has been used to solve a 
specific problem in chemical kinetics, but it is to be expected that there will 
be a wide extension of the use of this machine in many branches of chemical 
kinetics. The over-all constants were split up into several velocity constants 
each with a numerical value. The experimental data are fitted much better 
with the mechanisms and the constants evaluated by Chance than with the 
calculations based on the Michaelis theory. 

Another interesting contribution in the enzyme field is by Kunitz (91) 
on the kinetics and thermodynamics of reversible denaturation of crystalline 
soy bean trypsin inhibitor. The protein has a molecular weight of 25,000 and 
an isoelectric point at a pH 4.5. It is denatured reversibly on heating from 
35° to 50°C. The active and denatured forms give an equilibrium which is 
reached slowly, but the same value is attained after cooling or heating. One 
ml. of 0.5, per cent of the soy bean protein in dilute hydrochloric acid at pH 
3.0 is placed in the thermostat, and after the desired time interval it is poured 
into an acetate buffer at pH 4.5 at 3.0°C. The denatured protein is precipi- 
tated irreversibly in a stable form and centrifuged. The concentration of 
the original natural protein remaining in the supernatant solution is deter- 
mined by the absorption of light at 2,800A. At 70°C. the denaturation is 
complete in 2 min. while at 40°C. the denaturation is decreased to 15 per 
cent in 2 min. 

The kinetics is interpreted on the basis of two opposing, simultaneous 
unimolecular reactions. For denaturation AHa4=55,000 cal. mole! and 
ASact =95 cal. deg.—' mole; and for the reversal of denaturation AH = 
—1,900 and ASuct = —84. Excellent checks were obtained with the thermo- 
dynamic equilibrium values, AH for the reaction being 57,000 and AS being 
180. 


Christiansen (43) discusses the kinetics of a reversible enzymatic reaction 
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using the partition-matrix from which the stationary partition of the enzyme 
in its different possible forms can be derived, together with the stationary 
reaction velocity. Incidentally he calls attention to the fact that the concept 
of the formation of a complex formed from the enzyme and the substrate, 
which was developed in 1913 by Michaelis and Menton, was first proposed 
by Henri in 1903. The concept of the activated complex as a rate determin- 
ing step is found also in the theories of Brgnsted and of Eyring. 

The kinetics of the urease-catalyzed hydrolysis of urea, CO(NH2)2+2H-O 
=2NH;+COz is complicated. Laidler & Hoare (92) have re-examined the 
reaction and have measured the reaction rate at 30°C. and a pH of 6.2 
over a wide range of initial concentrations of urease. The reaction is inhibited 
by one of the products, ammonium ion. As previously reported, the initial 
rate increases linearly at first with concentration of urea to a maximum and 
then decreases. The observations are explained on the basis of two neighboring 
sites on the urease molecule. For reaction, a urea molecule must be adsorbed 
on one and a water molecule on the other. The Langmuir adsorption equation 
is applied for quantitative interpretation of the data. 

Kistiakowsky & Lumry (89) have examined critically the frequent reports 
that Arrhenius plots of log k versus 1/T show sharp breaks in biochemical 
processes at critical temperatures. They come to the conclusion that these 
breaks are not real and that earlier data on which they are based have been 
misinterpreted. An example is the case of hydrolysis of urea by urease. An 
activation energy of 8,830 cal. is obtained at all temperatures in the absence 
of sulfite ions, but in the presence of sulfite ions the rate falls with decreasing 
temperature. At the lower temperatures the sulfite inhibits the urease, 
the heat of reaction being about — 29,000 cal. per mole of active centers on 
the urease molecules. This type of explanation probably applies to the major- 
ity of anomalies previously described. Their common occurrence indicates 
that the low-temperature reversible inhibition of enzymes plays an important 
role in biological processes both in vitro and in vivo. 

The inactivation of tobacco mosaic virus with 2 per cent formaldehyde 
at pH 7 and 30°C. was studied by Fischer & Lauffer (61). The ability to 
infect tobacco plants decreases according to a first order equation with a 
rate constant of 1.2 X10~ sec.—. 


LITERATURE CITED 


1. Apams, G. K., AND Bawn, C. E. H., Trans. Faraday Soc., 45, 494-99 (1949) 

2. ALEXANDER, P., GouGH, D., anD Hupson, R.F., Trans. Faraday Soc., 45, 1058- 
65 (1949) 

3. ALTMAN, D., AND PENNER, S. S., J. Chem. Phys., 17, 56-61 (1949) 

4. Amis, E. S., Kinetics of Chemical Change in Solution, 326 pp. (The Macmillan 
Co., New York, 1949) 

5. ANDERSEN, J. W., AND FEIN, R. S., J. Chem. Phys., 17, 1268-73 (1949) 

6. ANDERSON, R. C., LASATER, J. A., AND LippMAN, D., J. Am. Chem. Soc., 71, 
2577-78 (1949) 

7. ARTHUR, J. R., BANGHAM, D. H., anD BowrinG, J. R., Third Symposium on 


12. 
13. 
14. 


15. 


16. 
a7. 
18. 
19. 
20. 


34. 


38. 
39. 
40. 
41. 





CHEMICAL KINETICS 267 


Combustion, Flame and Explosion Phenomena, 466-74 (Williams and Wilkins 
Co., Baltimore, Md., 1949) 


. Artuur, D. S., AND Smitu, E. A., Can. J. Research [B)27, 43-59 (1949) 
10. 
11. 


ATTREE, R. W., AND STEVENS, W. H., Can. J. Research [B)27, 807-12 (1949) 

Bapin, E. J., Third Symposium on Combustion, Flame and Explosion Phenom- 
ena, 382-86 (Williams and Wilkins Co., Baltimore, Md., 1949) 

Bamrorp, C. H., aNp Dewar, M. J. S., J. Chem. Phys., 17, 1188-91 (1949) 

BARTLETT, P. D., AND Swatn, C. G., J. Am. Chem. Soc., 1406-15 (1949) 

BartTLettT, P. D., anD CotMAN, J. D., J. Am. Chem. Soc., 71, 1419-22 (1949) 

BaRTLETT, P. D., Ross, S. D., AnD Swain, C. G., J. Am. Chem. Soc., 71, 1415-19 
(1949) 

Barton, D. H. R., J. Chem. Soc., 148-55 (1949) 

Barton, D. H. R., anD HowettT, K. E., J. Chem. Soc., 155-64 (1949) 

Barton, D. H. R., anp Howtetrt, K. E., J. Chem. Soc., 165-69 (1949) 

Barton, D. H. R., AND Onyon, P. F., Trans. Faraday Soc., 45, 725-35 (1949) 

BEEck, O., Otvos, J. W., STEVENSON, D. P., AND WAGNER, C. D., J. Chem. 
Phys., 16, 255 (1948) 


. BEEcK, O., Otvos, J. W., STEVENSON, D. P., AND WaGNER, C. D., J. Chem. 


Phys., 17, 418-19 (1949) 


2. Beit, R. P., AND PruE, J. E., J. Chem. Soc., 362-69 (1949) 
. BENINGTON, F., Third Symposium on Combustion, Flame and Explosion Phe- 


nomena, 448-52 (Williams and Wilkins Co., Baltimore, Md., 1949) 


4. BIGELEISEN, J., J. Chem. Phys., 17, 675-78 (1949) 

. BIGELEISEN, J., AND FRIEDMAN, L., J. Chem. Phys., 17, 998 (1949) 

. BOLLAND, J. L., AND TEN Have, P., Trans. Faraday Soc., 45, 93-100 (1949) 

. Bonner, N. A., J. Am. Chem. Soc., 71, 3909-14 (1949) 

. Boorp, C. E., Third Symposium on Combustion, Flame and Explosion Phenom- 


ena, 416-24 (Williams and Wilkins Co., Baltimore, Md., 1949) 


. BRADFIELD, A. E., Davies, G. I., AND Lone, E., J. Chem. Soc., 1389-96 (1949) 
. Br@nsTED, J. N., AND LivincsTon, R., J. Am. Chem. Soc., 49, 435 (1927) 
. Brookhaven Natl. Lab. Chem. Conf. No. 2 (Atomic Energy Commission AECU- 


226 (BLN-C-8), 1948) 


. Broucuton, D. B., WENTWorTH, R. L., AND FARNSworTH, M. E., J. Am. 


Chem. Soc., 71, 2346-47 (1949) 


. Brown, H. C., AND ELpreEp, N. R., J. Am. Chem. Soc., 71, 445-50 (1949) 
. BRUNNER, E., J. Chem. Phys., 17, 346 (1949) 
. Byrne, J. F., Third Symposium on Combustion, Flame and Explosion Phenom- 


ena, 481-84 (Williams and Wilkins Co., Baltimore, Md., 1949) 


. CHAMBERLAIN, G. H. N., AND WALSH, A. D., Third Symposium on Combustion, 


Flame and Explosion Phenomena, 368-82 (Williams and Wilkins Co., Balti- 
more, Md., 1949) 

CHAMBERLAIN, G. H. N., AND Watsu, A. D., Trans. Faraday Soc., 45, 1032-43 
(1949) 

CHANCE, B., Acta Chem. Scand., 1, 236-67 (1947) 

CHANCE, B., J. Biol. Chem., 151, 553-57 (1943) 

CHANCE, B., J. Biol. Chem., 179, 1299-1369 (1949); 180, 865-73 (1949) 


CHANCE, B., Arch. Biochem., 21, 416-30 (1949); 22, 224-52 (1949); 24, 389-409 
(1949) 


. CHATENEVER, A., AND KING, C. V., J. Am. Chem. Soc., 71, 3587-91 (1949) 
. CHRISTIANSEN, J. A., Acta Chem. Scand., 3, 493-504 (1949) 








268 


44. 
45. 
46. 


48. 


49. 
50. 
31. 
$2. 


53. 


nu 


56. 


$7. 
58. 


59. 


60. 
61. 
62. 
63. 
64. 
65. 


66. 


67. 





DANIELS 


Cowprey, W. A., AND Davies, D. S., J. Chem. Soc., 548-59 (1949) 
Cowprey, W.A., AND Davies, D. S., J. Chem. Soc., 1871-79 (1949) 
Cross, R. R., AND FuGassl!, P., J. Am. Chem. Soc., 71, 223-26 (1949) 


. Davipson, N., AND SULLIVAN, J. H., J. Chem. Phys., 17, 176-81 (1949) 


DERBYSHINE, D. H., AND WaTERS, W. A., Trans. Faraday Soc., 45, 749-52 
(1949) 

DopcEN, H. W., AND Lipsy, W. F., J. Chem. Phys., 17, 951-57 (1949) 

DopcGEN, H. W., AND TAuBE, H., J. Am. Chem. Soc., 71, 2501-4 (1949) 

Dov LE, G. J., AND Davipson, N., J. Am. Chem. Soc., 71, 3491-98 (1949) 

DUFFIELD, R. B., AND CALVIN, M., J. Am. Chem. Soc., 68, 557 (1946) 

Dyer, E., TayLor, H. A., Mason, S. J., AND SAMSON, J., J. Am. Chem. Soc., 71, 
4106-9 (1949) 


. Evey, D. D., Aanp Ricwarps, A. W., Trans. Faraday Soc., 45, 425-45 (1949) 
. Everett, A. J., AND MinkorF, G. J., Third Symposium on Combustion, Flame 


and Explosion Phenomena, 390-97 (Williams and Wilkins Co., Baltimore, 
Md., 1949) 
EyrinG, H., PowELt, R. E., Durrey, G. H., AND PARLIN, R. B., Chem. Revs., 45, 
69-181 (1949) 
Farkas, L., Lewin, M., AND BLocu, R., J. Am. Chem. Soc., 71, 1988-91 (1949) 
FarRKAS, L., PERLMUTTER, B., AND SCHACHTER, O., J. Am. Chem. Soc., 71, 2829- 
35 (1949) 
FarKAS, L., SCHACHTER, O., AND BROMEN, B. H., J. Am. Chem. Soc.,'71, 1991-93 
(1949) 
FENIMORE, C. P., AND KELSO, J. R., J. Am. Chem. Soc., 71, 3706-9 (1949) 
FiscHER, M. A., AND LAuFFER, M. A., J. Am. Chem. Soc., 71, 3800-4 (1949) 
Frigss, S. L., J. Am. Chem. Soc., 71, 2571-75 (1949) 
GOLDEN, S., J. Chem. Phys., 17, 620-29 (1949) 
GOLDEN, S., AND PEISER, A. M., J. Chem. Phys., 17, 630-43 (1949) } 
GOLDFINGER, P., LE Gorr, P., AND LETortT, M., Third Symposium on Com- | 
bustion, Flame and Explosion Phenomena, 446-47 (Williams and Wilkins Co., 
Baltimore, Md., 1949) 
Gorpon, A. S., Third Symposium on Combustion, Flame and Explosion Phenom- 
ena, 493-97 (Williams and Wilkins Co., Baltimore, Md., 1949) 
GRIFFING, V., AND LAIDLER, L. J., Third Symposium on Combustion, Flame, 
and Explosion Phenomena, 432-41 (Williams and Wilkins Co., Baltimore, 
Md., 1949) 


. GriFFiTH, R. O., AND IRVING, R., Trans. Faraday Soc., 45, 305-12 (1949) 

. GRIFFITH, R. O., AND IRVING, R., Trans. Faraday Soc., 45, 563-75 (1949) 

. GRYDER, J. W., AND Dopson, R. W., J. Am. Chem. Soc., 71, 1894-95 (1949) 

. Haas, H. B., AND BENDER, M. L., J. Am. Chem. Soc., 7), 3482-85 (1949) 

. HALL, G. A., J. Am. Chem. Soc., 71, 2691-93 (1949) 

. Hart, H., anp Simons, J. H., J. Am. Chem. Soc., '71, 345-52 (1949) 

. HASKELL, V. C., AND HAMMETT, L. P., J. Am. Chem. Soc., 71, 1284-88 (1949) 
. Haywarp, P., AND Yost, D. M., J. Am. Chem. Soc., 72, 915-19 (1949) 

. Hitt, G. R., J. Am. Chem. Soc., 70, 1306 (1948) 

. Hitt, G. R., J. Am. Chem. Soc., 71, 2434-35 (1949) 

. HIRSCHFELDER, J. O., AND Curtiss, J. F., J. Chem. Phys., 17, 1076-81 (1949) 
. Hort, R. B., AND OLDENBERG, O., J. Chem. Phys., 17, 1091-94 (1949) 

. Hoop, G. C., AND Murpuy, G. W., J. Chem. Education, 26, 169-72 (1949) 

. Howtett, K. E., AND Barton, D.H. R., Trans. Faraday Soc., 45, 735-38 (1949) 


82. 
83. 
84. 
. Jounston, H.S., AnD Yost, D. M., J. Chem. Phys., 17, 386 (1949) 


86. 


87 


88. 
89. 
90. 
91. 
T2. 
93. 


94. 


95. 
96. 
97. 
98. 
100. 


101. 


102. 
103. 


104. 
105. 


106. 
107. 
108. 
109. 
110. 
111. 


112. 
113. 
114. 
£33. 
116. 
117. 
118. 
119. 





CHEMICAL KINETICS 269 


Hucsurt, H. M., AND HIRSCHFELDER, J. O., J. Chem. Phys., 17, 964-68 (1949) 
Jarre, H. H., anp Doak, G. O., J. Am. Chem. Soc., 71, 602 (1949) 
Jounson, W.S., AND HErNnz, W. E., J. Am. Chem. Soc., 71, 2913-18 (1949) 


Jounston, J. D., AND Epwarps, L. J., Trans. Faraday Soc., 45, 286-95 (1949) 

Jones, R. E., AnD TownEnD, D. T. A., Third Symposium on Combustion, Flame 
and Explosion Phenomena, 459-65 (Williams and Wilkins Co., Baltimore, 
Md., 1949) 

KinG, E. L., J. Am. Chem. Soc., 71, 3553-54 (1949) 

Kist1aAkowsky, G. B., AND Lumry, R., J. Am. Chem. Soc., 71, 2006-13 (1949) 

Kop, D., AND THomas, H. C., J. Am. Chem. Soc., 71, 3047-49 (1949) 

Kunitz, M., J. Gen. Physiol., 32, 241 (1948) 

LaIp_eER, K. J., AND Hoare, J. P., J. Am. Chem. Soc., 71, 2699-2702 (1949) 

Lewts, B., AND HIRSCHFELDER, J. O., Third Symposium on Combustion, Flame 
and Explosion Phenomena, 748 pp. (Williams and Wilkins Co., Baltimore, 
Md., 1949) 

Lewis, B., AND Von ELBE, G., Third Symposium on Combustion, Flame and 
Explosion Phenomena, 484-93 (Williams and Wilkins Co., Baltimore, Md., 
(1949) 

LINNENBOM, V. J., AND WAHL, A. C., J. Am. Chem. Soc., 71, 2589-90 (1949) 

Lotnurop, W. C., AND HANpDrRICK, G. R., Chem. Revs., 44, 419-45 (1949) 

McLane, C. K., J. Chem. Phys., 17, 379-85 (1949) 

Macco it, A., J. Chem. Phys., 17, 1350-51 (1949) 

MATHESON, M. S., Aver, E. E., BEvitacqua, E. B., AND Hart, E. S., J. Am. 
Chem. Soc., 71, 497 (1949) 

MELVILLE, H. W., Third Symposium on Combustion, Flame and Explosion Phe- 
nomena, 442-46 (Williams and Wilkins Co., Baltimore, Md., 1949) 

MELVILLE, H. W., AND BICKEL, A. F., Trans. Faraday Soc., 45, 1049-58 (1949) 

MERTENS, E., AND HELLINCKX, L., Third Symposium on Combustion, Flame 
and Explosion Phenomena, 474-75 (Williams and Wilkins, Baltimore, Md., 
1949) 

MILLER, A. A., AND WILLARD, J. E., J. Chem. Phys., 17, 168-75 (1949) 

MoeE.wyn-HuaGueEs, E. A., Kinetics of Reactions in Solution, 409 pp. (Oxford 
Univ. Press, Oxford, England, 1947) 

MoeEtwyn-HuGueEs, E. A., Trans. Faraday Soc., 45, 167-72 (1949) 

MoeE.Lwyn-HuGues, E. A., Trans. Faraday Soc., 35, 368-74 (1949) 

Muccany, M. F. R., Trans. Faraday Soc., 45, 575-84 (1949) 

Ocata, Y., AND OKANO, M., J. Am. Chem. Soc., 71, 3212-13 (1949) 

Oxson, A. R., AND Simonson, T. R., J. Chem. Phys., 17, 1167-73 (1949) 

OVERBERGER, C. G., O'SHAUGHNESSY, M. T., AND SHALT, H., J. Am. Chem. 
Soc., 71, 2661-66 (1949) 

PEDERSON, K. J., Acta Chem. Scand., 3, 676-96 (1949) 

Pepper, D. C., Trans. Faraday Soc., 45, 404-11 (1949) 

Pitzer, K. S., J. Chem. Phys., 17, 1341 (1949) 

POLLARD, F. H., AND Wyatt, R. M. H., Trans. Faraday Soc., 45, 760-67 (1949) 

POLLARD, F. H., AND WoopwarbD, P., Trans. Faraday Soc., 45, 767—73 (1949) 

Potts, J. E., AND Amis, E. S., J. Am. Chem. Soc., '71, 2112-16 (1949) 

PRESTWOOD, R. J., AND WaARL, A. C., J. Am. Chem. Soc., '71, 3137-45 (1949) 

PRETTRE, M., Third Symposium on Combustion, Flame and Explosion Phenom- 
ena, 397-404 (Williams and Wilkins Co., Baltimore, Md., 1949) 








129. 


148. 


150. 


DANIELS 
Ritcuie£, P. F., AnD McBurney, L. F., J. Am. Chem. Soc., 71, 3736-40 (1949) 


. Roperts, J. A., AND SKINNER, H. A., Trans. Faraday Soc., 45, 339 (1949) 
. Ropertson, A. J. B., Trans. Faraday Soc., 45, 85-93 (1949) 


ScHUBERT, W. M., J. Am. Chem. Soc., 71, 2639-44 (1949) 
SLack, R., AND WatERs, W. A., J. Chem. Soc., 559-604 (1949) 


. SmitH, W. V., J. Am. Chem. Soc., 71, 4077-82 (1949) 


SPENCE, K., AND TOWNEND, D. T. A., Third Symposium on Combustion, Flame 
and Explosion Phenomena, 404-16 (Williams and Wilkins Co., Baltimore, 
Md., 1949) 

SprunG, M. M., AND GLADSTONE, M. T., J. Am. Chem. Soc.,'71, 2907-13 (1949) 

STERLING, E., AND ARTHUR, J. R., Third Symposium on Combustion, Flame and 
Explosion Phenomena, 476-81 (Williams and Wilkins Co., Baltimore, Md., 
1949) 

STEvENS, N. H., AND ATTREE, R. W., Can. J. Research, 27, 807-12 (1949) 


. Szwarc, M., J. Chem. Phys., 17, 107-8 (1949) 

3. Szwarc, M., J. Chem. Phys., 17, 284-91 (1949) 

. Szwarc, M., AND GuosuH, B. N., J. Chem. Phys., 17, 744-45 (1949) 

. SZABO, Z., AND Kiss, E., J. Chem. Soc., 803-6 (1949) 

. TauBE, H., AND DopGEN, H. J., J. Am. Chem. Soc., '71, 3330-36 (1939) 

. Voce, H. H., anp Goon, G. M., J. Am. Chem. Soc., 71, 593-97 (1949) 

. Von ELBE, G., AND LEwis, B., J. Chem. Phys., 10, 366 (1942) 

. Watsu, A. D., Trans. Faraday Soc., 42, 269 (1946) 

. Watsh, A. D., Trans. Faraday Soc., 45, 1043-48 (1949) 

. WarING, C. E., AND Bartow, C. S., J. Am. Chem. Soc., 71, 1519-20 (1949) 


WarinG, E. C., anD Mutter, W., J. Am. Chem. Soc., 71, 4073-81 (1948) 
WATANABE, W., AND WESTHEIMER, F. H., J. Chem. Phys., 17, 61-70 (1949) 


. WESTHEIMER, F. H., Chem. Revs., 45, 419-51 (1949) 
. WESTHEIMER, F. H., AND NICOLAIDEs, N., J. Am. Chem. Soc., 71, 25-28 (1949) 


WuittincHaM, G., Third Symposium on Combustion, Flame and Explosion 
Phenomena, 453-59 (Williams and Wilkins Co., Baltimore, Md., 1949) 


. Witson, P. W., in Respiratory Enzymes, 17-57 (Lardy, H. A., Ed., Burgess Pub- 


lishing Co., Minneapolis, Minn., 1949) 
Wyatt, P. A. H., AND Davies, C. W., Trans. Faraday Soc., 45, 774-80 (1949) 


. YANKwIicH, P. E., AND Cavin, M., J. Chem. Phys., 17, 109 (1949) 


Yeatts, L. R. B., JR., AND TAUBE, H., J. Am. Chem. Soc., 71, 4100-5 (1949) 





CONTACT CATALYSIS AND SURFACE CHEMISTRY? 


By HuGu S. Taylor 


Department of Chemistry, Princeton University, 
Princeton, New Jersey 


The occasion is opportune for a review of the physical chemistry of reac- 
tions at surfaces and the phenomena of heterogeneous catalysis. The hiatus 
of the war years during which a minimum of experimental work was directed 
to the examination of theory in this field provided a period during which the 
important advances of the two decades between the two World Wars could 
be maturely assessed. With the resumption of scientific inquiry at the end 
of hostilities, the direction of research would be influenced by the assessment 
made and programs of research would reflect the conclusions obtained. 
This is precisely what appears to have occurred, and it is possible in this 
review to record what it is possible to retain from the developments of the 
inter-war years and what new lines of investigation are evolving in the post- 
war years. 

The main lines of development in the period from 1920 to 1940 have been 
recorded elsewhere (1). They include the concept of adsorption at surfaces 
developed by Langmuir in 1916 (2) and its application to reactions at surfaces 
through interaction at adjacent adsorption sites of adsorbed species as de- 
tailed by Langmuir in 1922 (3). The kinetics of surface reactions thus for- 
mulated and the data on adsorption of reactants at catalyst surfaces led to 
the concept of active centers (4) and of heterogeneity of surfaces. By 1930, 
it was possible to indicate a distinction between van der Waals adsorption, 
of little significance in catalysis, and chemisorption which might require an 
activation energy. Experimental support for this concept came in the years 
1930 to 1935, and Lennard-Jones gave the distinction a theoretical formula- 
tion (5). The availability of isotopes from 1933 onwards gave new impetus 
to catalytic studies, since reaction between isotopic molecules permitted the 
study of interaction between surfaces and specific bonds in molecules with- 
out the complexities introduced when a molecular species is competing for a 
surface with another reactant. Brunauer & Emmett (6) provided a tool for 
the assessment of the surface area of catalytic materials by measurement of 
the adsorption of a gas, principally nitrogen, at temperatures in the neigh- 
borhood of the boiling point of the gas. This technique provides data on 
areas which are reproducible in different laboratories with high accuracy. 
The technique has been extended to surfaces of the highest areas and to the 
areas of massive metals. Beeck and his co-workers (7) broke new ground in 
the study of surfaces by the production of evaporated metal films and the 
study of their properties in comparison with those of ‘‘technical’’ catalysts. 
Parallel researches, notably those of Roberts on tungsten filaments (8) and 


1 This review covers approximately the period from January, 1946 to November, 
1949, 
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of Rideal and his co-workers on filaments and films (9, 10) combined with 
those of Beeck, tended to formulate catalytic activity not in terms of active 
centers on the surface but in terms of the normal properties of particular 
faces of the crystalline materials. These properties were assumed to stem from 
the geometric arrangements of the atoms in the several crystal faces, Eyring 
& Sherman having calculated (11) that the potential energy barrier during 
an adsorption process was strongly dependent on the lattice distance between 
two atoms in the surface. This geometric formulation was so successful that 
it was evident that after the war years a decision would have to be reached 
as to whether the two views, active centers or crystal faces, were mutually 
exclusive or whether they could be merged in a total picture which would 
embrace both. 

Against that background of achievement, the new work now appearing 
will be assessed. It will be seen that active development is occurring in the 
area of adsorption. The theory of surface area measurements is being sub- 
jected to further scrutiny. The kinetics of surface processes are being re- 
examined, the Langmuir postulate of interaction of adjacent adsorbed 
species being compared with theories of interaction between colliding gas 
molecules and adsorbed species. The problem of homogeneous versus hetero- 
geneous surfaces is being rediscussed in terms of heterogeneous adsorption 
sites versus interactions between adsorbed species on plane surfaces, with a 
trend towards a redefinition in terms of a heterogeneity of the total complex, 
surface-adsorbate. The newest developments indicate a tendency away 
from a description of the phenomenon of surface catalysis in terms of a geo- 
metrical pattern of the surface towards a description which involves the 
electronic properties of the catalyst emphasizing the importance of this 
factor in the chemistry of the individual steps of the total process. The 
physics of the solid state is contributing significantly to this development. 
There is a growing body of evidence that at different surfaces the mechanism 
of reaction may proceed either through adsorbed atoms or radicals as frag- 
ments or through ionic species as active intermediates in the process. 

Even in a single year the communications on the subject are so numerous 
that it would be impossible to record even all the important papers. Those 
selected for the present review pertain mainly to the topics indicated in the 
preceding paragraph since the developments in these areas during the last 
two years are very significant for future progress. Older literature is cited 
where this is necessary for clarity of presentation. 


ADSORPTION 


The classical isotherm of Langmuir (2) interpreted adsorption in terms of 
a time lag between condensation and evaporation of a gas on a uniform ad- 
sorbing surface. It is often overlooked that Langmuir simultaneously exam- 
ined various other possibilities including a plurality of sites, the number of 
molecules adsorbed per site, dissociation of molecules on adsorption, as well 
as adsorbed films more than one molecule in thickness. The equation of the 
adsorption isotherm for a nonuniform surface takes the form 
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es 
for all the 7 types of site in the total surface. The utility of such an equation 
is small until the distribution of the sites and the appropriate b values for 
each site are known. Progress has recently been made in the determination 
of the distribution of the sites when an isotherm equation is available. 

Zeldowitsch (12) pointed out that if the heat of adsorption varied con- 
tinuously over the surface, a distribution function v(b) = Ab@/™— would yield 
the Freundlich adsorption isotherm v=kp"/". Halsey & Taylor (13) examining 
the extensive data of Frankenburg (14) for hydrogen adsorption on tungsten 
powder came to the conclusion that the log v—log p linear relation found 
by Frankenburg could be derived from the assumption of a nonuniform sur- 
face characterized by an exponential distribution of adsorption energies. 
Sips (15) showed that given an adsorption isotherm, it is possible by mathe- 
matical transformations to deduce the associated distribution of energy sites. 
Using the Stieltjes transform, he was able to show that the classical Lang- 
muir isotherm corresponds to a uniform surface and that the Freundlich 
isotherm corresponds to an exponential distribution of the energy sites. 
The mathematical apparatus of Sips yielded the important result that the 
distribution obtained is the only one capable of interpreting the isotherm 
employed. 

The results of Halsey & Taylor and of Sips have been criticized by Hill 
(16) on the ground that these authors considered energies of adsorption 
extending from — © to + © in their integrations which contained, therefore, 
a range of negative values which cannot have any real existence. This objec- 
tion is well founded. A re-examination of the problem by Sips (17) indicates 
that 


the hypothesis of localized adsorption without interaction restricts very considerably 
the possible mathematical forms for the adsorption isotherm .... There is a very 
simple function, the generalized Freundlich isotherm, 0(p)=[p/(p+a)]'", which 
satisfies all the mathematical conditions. 


This isotherm reduces to the Langmuir isotherm for 1/n=1. Sips has ‘‘deter- 
mined the corresponding distribution functions for the adsorption energy 
and these seem to be flexible enough to be able to represent very approxi- 
mately the probable actual distributions.”’ 

A parallel series of developments has been published in the Russian litera- 
ture during recent years. Roginsky and his collaborators (18, 19, 20) have 
devised a method for obtaining the energy distribution of sites from the ad- 
sorption isotherm and the converse process of proceeding from a distribution 
of sites to the isotherm. The results anticipate those set forth above. Rogin- 
sky (21) further proceeds to a statistical treatment of reaction rates governed 
only by the distribution of activation energies. Volkenstein (22) pointed out, 
however, that there are two ways in which the departure of the isotherm 
from the classical Langmuir expression can result, from nonuniformity in the 
surface sites and from interaction between adsorbed molecules on a uniform 
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surface. Specifically, he showed that the Freundlich adsorption isotherm can 
result from a logarithmic law of interaction on a uniform surface and that 
adsorption with repulsive interaction can give rise to an activation energy 
of adsorption. The activation energy would increase with increase of surface 
coverage, ©, while the heat of adsorption would correspondingly diminish. 
From this it follows that there is no way to decide between the two positions, 
heterogeneity of sites or repulsive interactions on the basis of satisfactory 
functional relationships alone. Other criteria on which to base a decision must 
be sought. Some of these criteria will be discussed in subsequent sections. 

In a more recent paper, Volkenstein (23) has sought to interpret the data 
of adsorption in respect to both equilibrium and kinetics on the assumption 
of a defect lattice structure the adsorption sites being ‘‘defects”’ in the lattice, 
the number of which varies with temperature. This theory abandons the 
concept of a potential barrier between an impinging molecule and the lattice 
sites in the case of chemisorption and seeks to interpret the variation of 
velocity of adsorption with temperature in terms of the variation of defects 
with temperature. These views will be dealt with in further detail in a later 
section. 

Hill, in a series of papers (24, 25, 26) one of which (16) has already been 
referred to, is making a detailed statistical and thermodynamic analysis of 
the problems of adsorption on uniform and nonuniform surfaces with and 
without interaction. In the fifth paper of the series, he emphasizes the dif- 
ferences and relations between the various heats of adsorption, defines an 
ideal calorimetric experiment, and reveals the defects in Wilkins’ treatment 
(27) of isosteric heats of adsorption. The true equilibrium AH = TAS of ad- 
sorption for adsorbate molecules is given by (dln p/0T), = —AH/RT? where 
¢ is the two-dimensional spreading pressure. In treating (16) localized uni- 
molecular adsorption on a heterogeneous surface with and without inter- 
actions, the formulae received are not very tractable. The treatment predicts 
a two-step condensation which has not been experimentally observed. He 
examines (24yy1) the statistical analogue of the Brunauer-Emmett-Teller 
(BET) constant a,b./a.b, for simulated benzene and hydrogen iodide on 
graphite and obtains an order of magnitude for this constant. In two recent 
notes (25, 26), one extends Fowler’s treatment of surface tension to physical 
adsorption and the other correlates physical adsorption and the free volume 
model for liquids. ~ 


SURFACE AREA OF CATALYSTS 


The BET method of surface area determination (28) has enjoyed a high 
degree of popularity and success in the solution of scientific and technical 
problems during the last decade. Nevertheless, the basic assumptions on 
which it rests include both uniform surface and no interaction between ad- 
sorbed species. It is difficult to accept these assumptions in the light of much 
current research. 

A variant of the multilayer adsorption theory has been published by 
Hiittig (29) and recast in the symbols familiar to users of the BET theory 
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by Ross (30). The latter theory assumes that a molecule adsorbed in the first 
layer is effectively prevented from evaporating if covered by molecules in 
the second or succeeding layers. Hiittig takes the opposite view that mole- 
cules covered by second or higher layers play their role in evaporation as 
freely as though the higher layers were not present. This is the only point 
of difference between the BET and the Hiittig postulates. Hiittig’s mecha- 
nism leads to an equation. 


cp/ Po ) ( t) 
v/tm = {| ——— i+-—/j}- 
, (; +oplpJ\'* >, 


A graphical plot of p(1+/p.)/v against p is a straight line whose slope is 
1/v, and whose intercept is po/c0¥m. Ross examined experimental data by the 
two methods of interpretation. He concludes that the Hiittig theory describes 
the experimental results with greater precision, frequently over a range of 
b/bo from 0.05 to 0.85 as contrasted with the more usual BET range of 
applicability from 0.05 to 0.35. This points to definite advantage for the Hiit- 
tig equation as an empirical equation to represent adsorption data. Both 
equations proceed from the postulate of a uniform surface. It is not to be 
expected that the additional assumptions can correct a basic postulate if 
this is proved to be untenable. This criticism is equally applicable to other 
efforts to extend the validity of the BET equation beyond p/p,=0.35. 
One such attempt by Cook (31) introduces terms expressing the interaction 
forces of adsorbed molecules with the adsorbent and adsorbate interaction 
forces, the latter being introduced largely on empirical considerations. Again, 





a uniform surface is assumed. It is noteworthy that with additional empirical 
constants the range of applicability is not better than that achieved by Hiit- 
tig & Ross. A dual surface BET adsorption theory has been put forward by 
Walker & Zettlemoyer (32). Pierce & Smith (33, 34) have examined the BET 
postulate that E,2=E3;= ...#, and reach an unfavorable conclusion. 
Their own results are interpretable as adsorption on a surface composed of 
regions of varied activity and varying adsorption energy distributions for 
different adsorbates. 

The Langmuir isotherm can be transformed into a linear expression of the 
form p/v=b/tm+p/tm so that a plot of p/v against p gives a straight line 
from which v,, and b can be computed. Many data give satisfactory straight 
lines when so plotted but give values for v,, which vary considerably from 
gas to gas and with temperature, as pointed out by Brunauer (35). Wilkins 
(27) has given a striking example of such variability with nitrogen, argon, 
and oxygen on platinum at temperatures from 77.3 to 194.5° K. As Halsey 
(36) has pointed out, Wilkins attempted to rationalize this variability of 
Um by a consideration which, while attempting to retain the concept of uni- 
form sites, really presupposes a continuously nonuniform surface. 

Zhukhovitskii & Rubenstein (37) have suggested a theory of multilayer 
adsorption which proceeds from the assumption of a homogeneous surface. 
They include, however, an interaction energy between neighbors. Their 
generalized equation for the mole fraction of sites having 1 components 
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adsorbed vertically one over the other yields the BET equation for the case 
of no interaction. Their equation with interaction gives results identical with 
BET at 0=0.5 and 1, but for p/p.<1/c, the BET equation gives substantial- 
ly larger coverage than their formulas. For © >1 the divergence between the 
two may be very large. They consider that the BET theory is successful as 
a means of surface area determination in spite of its approximations because, 
near © =1, the change in @ with p is small. For systems where the molecular 
dimensions of adsorbent and adsorbate are comparable, the authors point 
out that the surface cannot be considered as smooth. Hence, even in the first 
layer, the interaction energy is not six-fold the interaction, e, between neigh- 
boring pairs, but some number, k, which is less than six. Their value of c dif- 
fers from the BET equivalent in that it contains an interaction term also, 
so that c=exp(£,—E,+ke/2)/RT. 

Two independent attempts (38, 39) to define the surface area of a powder 
are reported in the recent literature. They both involve plotting the rate of 
flow against pressure, and both deduce the specific surface from a slope or an 
intercept by means of a formula. Both formulae are based on considerations 
governing Knudsen flow of a rarefied gas through the pores of powder. Arnell 
and his co-workers (38) obtained good agreement with BET areas for non- 
porous powders, carbon black being systematically investigated. Their 
equation contains two empirical parameters. Derjaguin’s formula (39) con- 
tains no empirical parameter and the limiting assumptions are clearly de- 
fined. The checks between the measurements and BET data for nonporous 
powders are excellent. With a limited set of assumptions, Derjaguin’s for- 
mula becomes 


_24 /E #1 ap 
~ 13V = S, VMRT Ax 
where Q is expressed as gas flow in cc. per sec., Ap the pressure gradient 
through Ax cm. of sample, 6 the porosity of the material [which equals 
(volume of pores)/(total volume)], S, the specific surface of the solid in sq. 
cm. per cc., and M the molecular weight of the gas. Arnell’s results indicate 
that the permeability does not measure internal surface accessible to nitrogen 
in the BET method. 

Another variant which has been studied in the adsorption of vapors and 
its relation to surface area concerns the dielectric properties of adsorbed 
layers. This work goes back to a pioneering study of Argue & Maass (40). 
It has been further developed in Canada recently by McIntosh and collabo- 
rators (41) and by Kurbatov (42). McIntosh investigated the change in 
capacity of an electrical condenser containing silica gel and various amounts 
of ethyl chloride, n-butane, and ethylene oxide as adsorbates. Kurbatov used 
an aerogel of silicon dioxide prepared by Kistler’s technique with water and 
acetone as adsorbates. There is a linear increase in capacity with volume 
adsorbed independent of temperature (Kurbatov) or with a very small 
temperature coefficient (McIntosh). There are breaks in the curve at a defi- 
nite volume which Kurbatov identifies with the v, in the BET multilayer 
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theory. Kurbatov gives a theoretical treatment to account for his experi- 
mental results but more experimental work appears to be necessary. 


HOMOGENEITY VERSUS HETEROGENEITY 


The concept of active centers versus the view that describes catalysis in 
terms of the properties of a plane face or faces of a crystal continues to 
demand attention. Emmett (43) has subjected a proposal of Roginsky (44) 
to experimental test with a view to determining the heterogeneity of an 
iron synthetic ammonia catalyst, with 2.26 per cent aluminum oxide, 0.21 
per cent zinc oxide, and 0.62 per cent silicon dioxide as promoters. The meth- 
od employed consisted in adding carbon monoxide to the catalyst in two 
stages, one of which contained C4O. The adsorption under varying conditions 
was followed by various modes of desorption. Experiment showed that the 
first portions of gas desorbed resembled in activity the last fraction of carbon 
monoxide added to the catalyst, which fact is consistent with a marked 
heterogeneity of the surface. 

Further evidence of heterogeneity results from a study of the exchange 
between N.*8 and N° on synthetic ammonia catalysts. In contrast to earlier 
results of Taylor & Joris (45), Emmett (43) found fast exchange in the tem- 
perature range of ammonia synthesis. The cause for the discrepancy has been 
sought by McGeer (46) who showed that both with iron synthetic ammonia 
catalysts and rhenium catalysts the horizontal disposition of the catalyst 
as used by Joris & Taylor leads to low conversions in the nitrogen isotope 
exchange, whereas a vertical disposition of the catalyst with reducing gas 
(hydrogen) and reaction mixture (nitrogen) being passed rapidly through 
the catalyst leads to rapid nitrogen isotope reaction. McGeer showed that 
the exchange reaction was extremely sensitive to the thoroughness of the 
reduction. The last fraction of iron or rhenium produced by reduction had 
a disproportionately large catalytic activity in the nitrogen exchange. The 
sensitivity to oxygen poisoning was measured and the conclusion drawn, 
as in the case of poisoning in ammonia synthesis studied by Almquist & 
Black (47), that the iron atoms active in nitrogen exchange had an excess 
free energy equivalent to at least 8 kcal. Almquist & Black had found 11 
kcal. in their studies. These results parallel experience in technical synthesis. 
It is known that the ammonia yield is still low when the major portion of the 
catalyst has been reduced. The iron resulting from the last traces of reduction 
carries a disproportionate burden of synthesis. 

Such considerations have frequently led to the suggestion that technical 
catalysts are inferior to evaporated films because they can never be complete- 
ly cleaned by the usual reduction techniques. Some workers have been scepti- 
cal with respect to the high capacity of evaporated films compared to techni- 
cal catalysts. Data are beginning to emerge which indicate no great diver- 
gence in activity between evaporated films and technical catalysts. Emmett 
(48) found rapid exchange of hydrogen and deuterium atoms on iron syn- 
thetic catalysts at —195°C. Sadek (49) found rapid reaction on a nickel- 
chromia catalyst at the same temperature. Wright (50) has made the com- 
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parison concrete in his observations on the activity of the same nickel- 
chromia for the hydrogenation of ethylene at —78°C. With 27 mg. of this 
catalyst in 350 cc. reaction volume, or 0.077 mg. per cc., Wright found a 
half life, t1;2, equal to 4 min., whereas with evaporated nickel having 30 
mg. in 400 cc. volume or 0.075 mg. per cc., Beeck found a half life equal to 
9 secs. at 0°C. which, from Beeck’s data on the effect of temperature, gives 
a half life of 45 min. at —78°C. On this basis, the technical catalyst is 11 
times as efficient as the evaporated nickel film. 

Taylor & Liang (51) attempted to characterize the heterogeneity of cata- 
lyst surfaces by observations on the isobaric chemisorption of hydrogen at 
different temperatures on a variety of oxides and metals. Their significant 
observation was that on increasing the temperature rapidly from one tem- 
perature to another, some adsorbed gas was rapidly released from the surface 
and this was followed by a slow readsorption. They concluded that the rapid 
desorption occurred from areas of the surface where the heat of desorption 
was smallest at the temperature in question and that the slow readsorption 
occurred on other areas of the surface which required a higher activation 
energy of adsorption and a heat of adsorption adequate to bind the newly 
adsorbed molecules. It is the rapid process of desorption that requires em- 
phasis. It indicates that the desorption process is occurring on an area of the 
surface where the activation energy of desorption is less than the activation 
energy of the slow process which succeeds desorption. The rapid process is 
of further significance since, as was earlier pointed out by Taylor & Smith 
(52), the velocity of the exchange reaction Hz2+D.=2HD is from 50 to 800 
times greater than the net rate of chemisorption of hydrogen measured 
under the same experimental conditions. 

The existence of this phenomenon in the observations on adsorption and 
desorption in the older literature was emphasized by Taylor (53) with data 
on nickel (54), iron synthetic ammonia catalysts (55), tungsten (56), chro- 
mium oxide gel (57), zinc-chromium oxide (58), and zinc oxide (59). It now 
emerges that the same phenomenon of rapid desorption followed by slow 
uptake of hydrogen is also to be observed with evaporated metal films. 
Beeck, Ritchie & Wheeler (60) have demonstrated this in the case of nickel 
films, and recent data of Rideal & Trapnell (61) show the same phenomenon 
in the case of evaporated tungsten films. These authors adopt a view differ- 
ing from that of Taylor & Liang in respect to the slow consumption of gas 
after the rapid desorption. Beeck, Ritchie & Wheeler cite several lines of 
evidence which indicate that the effect is a bulk effect, that is, a solution, 
while the rapid process is a surface effect. The observations of Rideal & 
Trapnell are, however, of considerable interest. Their experiments ‘‘indicate 
quite clearly that adsorption is to some extent reversible between 0° and 
—183°C.”’ (on tungsten films). It is the portion of gas which is given up 
rapidly by the surface at a particular temperature which is significant in 
catalytic reaction. The gas which is taken up slowly at that temperature 
has no significance for the catalysis. To this extent the question as to whether 
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the slow process is solution (Beeck) or chemisorption on areas of higher acti- 
vation energy (Taylor-Liang) is without significance for the theory of 
catalysis. Beeck’s suggestion that the slow process is an exothermic formation 
of metal-hydride stable in the liquid air temperature regions has, however, a 
special interest of its own. Whether this view can be generalized for gases 
other than hydrogen and for oxides as well as metals is for the proponents 
of the solution view to decide. 

Rideal & Trapnell, on the basis of their studies, provide a mechanism 
for the kinetics of the parahydrogen conversion studied in detail by Eley & 
Rideal (9, 10). Their conclusion is pertinent to the rapid desorption process 
which occurs on increasing the temperature in the adsorption system. 
Assuming adsorbed hydrogen atoms on the surface, the evaporation process 
at a given temperature will be proportional to @, the square of the surface 
covered by atomic hydrogen and an exponential term exp(—AH/RT). The 
ratio of evaporation rates at a given pressure p and at two temperatures 
T, and T: is given by 


7 = (0:2/0,2)¢~(4H1/RT;—~AH2/RT2) 


where 6; and AH, and @2 and AH; are the coverages and heats of adsorption 
at the pressure p and the temperatures JT; and T:2. With large coverages 
6,?/0.? will be substantially unity. The activation energy of the process will 
therefore be in major part dependent on the small differences in heats of 
adsorption of the gas finally adsorbed (i.e., first desorbed) at a given pressure 
p at the two temperatures. It is in this manner that Trapnell & Rideal 
account for the low energy of activation of 2.1 kcal. recorded by Eley & 
Rideal. The same explanation would account for the low values found by 
Sadek & Taylor (49) on two nickel catalysts for the hydrogen deuterium 
reaction viz. 0.45 and 2 kcal. The same considerations would extend to the 
old data of Taylor & Smith on zinc oxide where activation energies from 
0.6 to 12 kcal. were obtained in a temperature range from —130 to +218°C. 

What Taylor and his co-workers have hitherto ascribed to the energetic 
heterogeneity of the surface becomes, in the interpretation of Trapnell & 
Rideal, an energetic heterogeneity of the adsorption-complex, surface- 
adsorbate. Upon this basis, a general measure of agreement between differ- 
ent workers is possible. The relative contributions of energetic inhomogeneity 
of the sites and of interaction forces between adsorbed species remains for 
assessment. Rideal & Trapnell can only account for about 2 kcal. by inter- 
actions of the type considered by Roberts (8). They conclude that 


a fall in heat of over 40 kcal. cannot be accounted for on the basis of simple electro- 
static dipole-dipole repulsions. If the fall in heat is due to surface interactions, the 
metal substrate must play a part in the transmission of forces. Whether this is pos- 
sible must be decided by theoretical physicists. 


In a paper by Breger & Zhukovitskii (62), there is recorded the result 
of a rough calculation performed by Tamm the detail of which is not given 
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which shows that, in the case of a plane metallic lattice, the interaction 
energy is given by 
tke 
2Ru In? (1/0.89ak,) 


0E = 





where k, =\/ 27, a is the electronic density, a is the lattice distance, R12 is 
the distance between adatoms. The significance of this equation is that the 
interaction energy would be inversely proportional to the distance between 
adatoms. It would yield an interaction energy of 1.8 kcal. at Ri2=20A. 
Tamm is said to consider the perturbation introduced by one or two adatoms 
into the wave function of the collectivized electrons. An adatom in fixing 
an electron creates a positive hole which perturbs the wave function. 

The mechanism of the exchange reaction adopted in the work of Rideal 
& Trapnell discussed in the preceding paragraphs differs significantly from 
that earlier proposed by Rideal (63) which assumed an exchange mechanism 
involving hydrogen molecules held over some 8 per cent of gaps assumed 
to be in the chemisorbed film. Eley (64) has given an extended discussion of 
this concept, but in a more recent communication, (65) Eley concludes that 


it is unlikely that the exchange mechanism can involve actual empty sites. First, 
the hydrogen film is probably mobile at approximately room temperature when the 
gaps should fill up but conversion remains unchanged. Secondly, a chemisorbed film 
on tungsten at 77°K. treated with hydrogen atoms, which should fill the sites, 
maintains its catalytic activity. 


The gap theory of mechanism thus appears to give way to the classical 
Langmuir mechanism of reaction between adjacently adsorbed species. 
Eley’s review dealing with the mechanism of hydrogen catalysis including 
hydrogenation is so recent as to render unnecessary an extended treatment 
of this problem in this report. 

Mention should however be made of a group of researches carried out by 
Jungers and his collaborators in Louvain, Belgium (66 to 72) since these are 
not reviewed by Eley. Jungers is concerned with the influence of adsorption 
of reactants on the speed of catalytic reactions, principally those of hydro- 
genation or hydrogen transfer on technical nickel catalysts. In work on the 
hydrogenation of carbon monoxide, carbon dioxide, ethylene, acetylene, 
benzene, and naphthlene and in the dehydrogenation of secondary alcohols, 
Jungers studies velocities with excess of hydrogen and one or a pair of the 
reactants to be hydrogenated. He deduces from his results the order of the 
coefficient 6 in the Langmuir isotherm. He shows that bon, = bco, ~ 5bu, 
>be,n,,- He shows that the hydrogenation of carbon dioxide is much faster 
than that of carbon monoxide because this latter displaces hydrogen from 
the nickel surface. The data indicate from 50 to 100 times stronger adsorption 
of carbon monoxide than of hydrogen. Nevertheless, in the hydrogenation 
of an equi-molecular mixture of the two oxides, it is the carbon monoxide 
which reacts first, a result which is not at all paradoxical when the adsorb- 
abilities are taken into consideration. Similarly, in the hydrogenation of 








SURFACE CHEMISTRY 281 


mixtures of acetylene and ethylene, it is the former which reacts almost 
exclusively in the initial stages although, when hydrogenated singly, ethylene 
reacts more rapidly than acetylene. The ethylene formed is displaced by 
acetylene. The order is bc,n, > bc,n, > bc,n,- In the dehydrogenation of second- 
ary alcohols, it has also been shown that the adsorption coefficients of the 
ketones are very much greater than that of the corresponding alcohols. This 
leads to the interesting result that the dehydrogenation of cyclohexanol 
becomes a convenient method for the quantitative production of cyclohex- 
anone. Jungers points out that it is these factors of adsorption coefficients 
that determine whether hydrogen transfer reactions are possible or difficult. 

An important case of preferential hydrogenation within a single molecule 
is provided by the work of D’Hont & Jungers (73) on hydrogen cyanide 
gas. This reactant is fixed on iron or nickel catalysts at 220°C. and then 
treated with successive small portions of hydrogen. It is observable even at 
60°C. that ammonia is formed on nickel catalysts, the formation increasing 
with temperature. At 140°C., the first fractions of hydrogen furnish ammonia 
preferentially but as the reserve of nitrogen approaches exhaustion methane 
is formed in increasing proportions. On iron, ammonia is observable at 60°C. 
and the velocity of formation increases with temperature. If, for a given 
dosage of hydrogen on the cyanide-loaded iron, one raises and lowers the 
temperature successively, the quantity of ammonia decreases and then 
increases respectively. This is not observed with nickel. It indicates that the 
equilibrium Fe — N+1.5H2=NH3+Fe-—is in favor of the fixation of nitrogen 
on iron. On this catalyst it is only at temperatures above 300°C. that the 
carbon is desorbed as methane. These facts are illustrative of the importance 
of the catalyst-atom bond in chemisorption and the parallelism of such bond- 
ing to the existence of known chemical compounds of the elements. The ob- 
servations are suggestive also in respect to chemisorption. Under a given 
set of circumstances nickel cannot break the N-N bond, while the C-N bond 
is rapidly broken under the same conditions. They explain also why organic 
nitrogen compounds can be analyzed by hydrogenation over nickel at 300°C. 
to yield ammonia which can be recovered and titrated. Iron is not suitable 
as catalyst in such analyses. 

Important advances in our understanding of mechanism in dehydrogena- 
tion and scission of hydrocarbon molecules are provided by the recent litera- 
ture. Because of its importance in the petroleum industry, much research 
has been devoted to thermal cracking of hydrocarbon molecules and to 
mechanism in the case of cracking by catalysts. It now appears possible to 
give an integrated picture of the whole area. The chemistry of both silica 
and alumina in the solid state, applied to the silica-alumina cracking catalyst, 
results in the hypothesis, according to Thomas (74), that the active part of 
the catalyst is formed when one aluminum atom shares four oxygen atoms 
which in turn are shared by four silicon atoms. An acidic hydrogen ion is 
assumed to be associated with the four oxygen atoms surrounding the alumi- 
num atom. The catalytic activity is ascribed to this acidic hydrogen and 
cracking becomes a carbonium ion catalysis. Thomas summarizes the princi- 
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pal reactions involved. Evidence by Oblad and his co-workers (75) indicates 
that approximately 4 per cent of the total surface is involved in the catalysis 
as measured by poisoning with organic bases such as quinoline, potash, 
ammonia, and other alkalis. 

Greensfelder, Voge & Good (76) record their conclusions based on earlier 
work and newer investigations of the cracking of cetane, cetene, and other 
hydrocarbons thermally and over catalysts such as activated carbon, alumina, 
silica, and alumina-silica commercial cracking catalysts. Two fundamental 
classes of cracking emerge, characteristic both as to the type of primary 
cracking and secondary reactions. Two types of reaction mechanism serve 
to describe these classes. The one mechanism involves free radical fragments, 
and the pattern of cracking is described by the Rice-Kossiakoff theory 
(77) of cracking and is characteristic of thermal cracking; the other is the 
carbonium ion mechanism (acid-activated), derived from the work of Whit- 
more (78). Commercial acid-treated clays and synthetic silica-alumina 
catalysts are of the latter type. Activated carbon, an active, nonacidic 
catalyst, gives a product distribution which can be interpreted as a free 
radical type of cracking and which is quenched, as compared with purely 
thermal cracking, by reaction of free radicals with chemisorbed hydrogen 
at the surface of the catalyst to yield the corresponding normal paraffin. 
What is of importance is that, in each case, there are specific rules of break- 
down of radicals and ions on the basis of which the wide variety of products 
obtained in the several cracking procedures can be closely calculated. These 
rules have rationalized a complex of phenomena paralleling the progress in 
the reverse direction in accounting for the building up of hydrocarbons in 
polymerization processes. The references here cited are convenient sources for 
an extensive literature of the subject. 

Selwood has recently summarized (79) a group of researches carried out 
with his collaborators on the structure of supported catalysts revealed by 
the magnetic properties of the catalyst. In the case of chromia supported 
on y-alumina, the state of oxidation of the chromium is independent of the 
concentration. The Weiss constant, however, varies and tends towards 
zero at low chromia concentrations. By analysis of the Weiss constant ac- 
cording to the theory of Heisenberg for ferromagnetism, Selwood concludes 
(80) that the chromia is present on the surface of the alumina not as a mono- 
layer but in the form of microcrystallites of chromia which, at 9 per cent 
concentration, contain on the average 3 or 4 layers of atoms. Diminution 
in activity with prolonged use leads, according to the magnetic measure- 
ments, not to an aggregation of the chromia microcrystals, but to a dispersion 
of the catalyst in the alumina support as a three dimensional solid solution. 
The change in magnetic susceptibility of the supported catalyst parallels 
the change in catalytic activity for dehydro-cyclization of n-heptane. 

Magnetic measurements on nickel oxide impregnated on y-alumina indi- 
cate that the nickel is present in the trivalent form. On magnesia, the iso- 
morphous divalent oxide is present (81). In the case of manganese, the oxide 
is trivalent on y-alumina but in the tetravalent pyrolusite form on the rutile 
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structure of titania (82). On this latter support, nickel oxide assumes a 
valence of four, the oxide having a bright yellow color. Supported oxides of 
iron (83) show the iron to be in the +3 oxidation state on alumina, but in 
low concentration on rutile the oxidation state approaches +4. This effect 
of conformity with the structure of the support has been named valence 
induction. 

A more recent paper by Spooner & Selwood (84) utilizes the phenomenon 
of nuclear induction for the study of catalyst structure. Nuclear induction 
may be used for measurement of paramagnetic moments or of the concentra- 
tion of paramagnetic substances of known moment. Neodymia and iron 
oxide on alumina and manganese dioxide on rutile were chosen for study. 
The relaxation times observed support the conclusion from susceptibility 
measurements that the active element is aggregated in microcrystals a few 
atom layers thick and not dispersed over the surface in monolayers. 


CATALYSIS AND THE PHYSICS OF THE SOLID STATE 


Between 1931 and 1937, Nyrop published several papers (85, 86) and one 
book (87) on the correlation of catalytic activity with ionization. His views 
were not well received and were criticized by Emmett & Teller (88). Lennard- 
Jones (5) and Schmidt (89) were aware of the catalyst as a source or as an 
acceptor of electrons and also as a source of protons in the presence of materi- 
als containing hydrogen. One such example of the latter has already been 
cited (p. 282). The development of the electron band concept of solids in- 
cluding metals, alloys, ionic crystals, and semiconductors during recent dec- 
ades has caused a new interest in the interpretation of catalytic activity 
in terms of these modern concepts of the solid state. 

The successful application of electron theory to metals and to alloys in 
the interpretation of the physical properties of crystal structures prompted 
an extension of the inquiry to include the catalytic activity of metals and 
alloys in hydrogenation and dehydrogenation reactions. The occlusion of 
hydrogen by metals has been the objective of considerable experimental 
study (90), and knowledge of the extent of ionization in metals such as palla- 
dium and platinum is available. The transition metals, which show strong 
adsorption of hydrogen and have effective catalytic properties in hydrogena- 
tion-dehydrogenation processes, are known to have partly empty d-bands 
which may be responsible for the reaction characteristics of the surface 
atoms. 

Schwab (91, 92) has directly associated catalysis in the decomposition 
of formic acid with the properties of alloys of silver and of gold with a variety 
of metals giving both homogeneous and heterogeneous phases. The a-phases 
of silver alloys with palladium, platinum, copper, gold, cadmium, indium, 
tin, antimony, mercury, thallium, lead, and bismuth and of gold alloys with 
thallium and lead show in general an increasing activation energy of catalytic 
decomposition with increase of the alloy component. The logarithm of the 
frequency factor shows a linear variation with the activation energy. Schwab 
observes that these alloys are of the Hume-Rothery type where the phase is 
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dependent on the electron concentration, EC. This latter is defined as the 
number of valence electrons, u, divided by the number of atoms. Defining 
a as the increase in activation energy per unit mol fraction of metal solute, 
Schwab finds that \/a@ varies linearly with n—1. The inactivation of the cata- 
lyst by an alloy element depends on the valence of the solute and varies 
with the square of the EC. With heterogeneous alloys, the activation energy 
varies with the composition and from phase to phase. Within a phase the 
activation energy increases as the EC increases being highest within the y- 
phase. The change of activation energy is shown to be dependent on the 
degree of completion of Brillouin zones which define the allowed electron 
energies in the metallic structure. The mechanism of formic acid decomposi- 
tion is assumed to involve hydrogen from the formic acid entering the metal, 
the protons entering interlattice planes, the electrons dissolving in the elec- 
tron gas of the metal the required activation energy increasing the more the 
zone is filled with electrons. 

A similar research by Couper & Eley reported in abstract (93) notes an 
increase in activation energy of the hydrogen-deuterium exchange when the 
partly empty d-band of palladium is filled by alloying it with gold. These 
authors believe that the exceptional behavior of transition metals as catalysts 
lies in their possession of vacant d-orbitals of low energy and high numerical 
density. Dowden (94) has treated the problem in detail, theoretically defin- 
ing the conditions which determine the existence of electron transfer and 
exchange phenomena between surface and adsorbate whereby neutral mole- 
cules can yield one or more adsorbed ions or radicals depending upon the 
electronegativities of the surface and molecular fragments. Metallic catalysts 
provide the simplest model and the transfers may involve donation of an 
electron to the metal, a shift in the opposite direction or the formation of a 
covalent bond. From the electronic properties of a series of metals and alloys, 
the trend of their catalytic properties may be deduced. He discussed the 
application of these concepts to the relationship between catalytic activity 
and filled d-bands in binary alloys of Group VIII metals. In an experimental 
report simultaneously communicated (95), Reynolds employed homogeneous 
solid solution binary alloys of Group VIII metals in systems of nickel-cobalt 
and nickel-copper. Qualitatively, the results correlate with the theory of 
Dowden. Copper decreases the activity of nickel in the hydrogenation of 
benzene and styrene but actually more rapidly than would be expected from 
the filling of d-bands. The work of Schwab (91) and of Rienacker (96) would 
indicate that activation energies must be determined.’ 

Beeck’s measurements of the hydrogenation of ethylene on Group VIII 
and other catalysts which show a maximum activity for rhodium must be 
interpreted in terms of the frequency factor in the Arrhenius equation since 
the activation energies observed are all the same. Boudart (97) has plotted 
the activity for the reaction, which is thus proportional to the frequency 
factor against the percentage of d-character of the metallic bond, as given 


2 For further literature references, see Himmler (96a). 
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by Pauling (98). A curve fitting all the experimental points except the one 
pertaining to tungsten is obtained. Chromium, which is off Beeck’s curve, 
falls on Boudart’s curve, and there is uncertainty as to which tungsten struc- 
ture was empoyed by Beeck. An approximation for the Wg, structure for 
tungsten brings it onto Boudart’s curve. This suggests that lattice distance 
may not be the factor primarily correlating with catalytic activity, but 
secondarily and determined by d-bond character of the metal. 

The electronic structure of semiconductors suggests similar approaches 
to the problem of activity of oxides employed as catalysts. Copper and zinc 
oxides are prominent examples both as semiconductors and as catalysts. 
Garner, Gray & Stone (99) have recently examined the electrical conductivi- 
ties of thin films of oxides during formation, on reduction, and after adsorp- 
tion of gases. Oxygen enhances and carbon monoxide and hydrogen depress 
the conductivity of the Cu,O-CuO surface. The reaction between carbon 
monoxide and oxygen can be followed at room temperature by conductivity 
measurements. The authors give an interpretation of the conductivity in 
terms of a movement of electrons across an array of Cut and Cu‘ ions with 
vacant positive holes. Application of a vacuum to an oxygenated film caused 
a decrease in conductivity with time according to a law Ax = kf'/*. This is inter- 
preted as due to a bimolecular process in which oxygen atoms, mobile over 
the oxide surface, give oxygen molecules which then evaporate. Reversibly 
adsorbed carbon monoxide immobilizes the conductance electrons of the 
solid. On the oxygenated surface the adsorbed carbon monoxide removes 
the mobile oxygen atoms. 

In contrast to cuprous oxide which is an “oxidation’’ semiconductor, 
zinc oxide is a “‘reduction’’ semiconductor losing oxygen in a vacuum, the 
conductivity increasing, and the excess zinc atoms entering interstitially 
into the lattice. Foreign atoms can enter the lattice interstitially. More prop- 
erly it is the positive ions that are in the interstitial position, electrons being 
trapped in their fields. The radius of the orbit of the electron may be several 
interatomic distances. The conductivity of the semiconductors varies with 
temperature, and there is evidence that a whole spectrum of energies may be 
involved associated with the various energy levels in the defect structures. 

It is with such a concept of a solid catalyst that Volkenstein (23) analy- 
zes the concepts of adsorption and adsorption kinetics as they have hitherto 
evolved. He considers that a real crystal differs from the ideal lattice structure 
by the presence of defects two-fold in nature. Macrodefects are those, such 
as cracks, whose perturbations exceed those of the crystallographic unit. 
Microdefects exercise perturbations of the order of the unit cell in which the 
periodic structure is re-established at a distance of a few lattice parameters. 
These defects include holes or vacant sites, interstitial atoms or ions, ions 
in a heteropolar lattice with normal position but anomalous charge, foreign 
atoms in interstitial positions or in holes. Such defects deform a region of the 
lattice, and it is the region which should be regarded as the defect. Micro- 
defects have a mobility with an associated activation energy determined by 
the nature of the defect and the lattice and the direction of migration. 
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They may react, attract or repel each other, dependent on the charges in- 
volved. Two defects can interact to form a new defect with different proper- 
ties. 

The total number of defects constitutes the disorder which is small com- 
pared to the number of unit cells. The disorder is either biographical, that 
which exists at 0°K., x, or thermal, that which results from temperature with 
a maximum, y—x at T=. The ratio of the two depends on the temperature 
and the biography. 

Volkenstein assumes that the defects are the adsorption centers. If there 
is only one kind of defect, the surface is energetically homogeneous, but with 
differing defects there will be heterogeneity. In the older theories one assumes 
(a) constancy of adsorption centers, (b) immobility of adsorption centers, and 
(c) the constancy of the number of centers with coverage. None of these 
assumptions need necessarily occur with Volkenstein’s theory. 

Volkenstein then shows mathematically that the Langmuir isotherm 
arises when the whole disorder is biographical, where the defect A reacts with 
a gas molecule to give another kind of defect B. A third type of defect, C, 
may produce the defect A unimolecularly with the absorption of energy wu. 
Thermal disorder in this case has no influence on the adsorption equilibrium 
but does affect the kinetics. If A is produced from C by bimolecular interac- 
tion with a defect D, then the total adsorption N= N4+ Nz increases from 
a minimum value for Ng=0 to a maximum value N=y for Ng=y. During 
adsorption, new centers are created. When the temperature is increased, 
the value of N for Ng=0 increases, but the maximum value N = y is retained. 
For this bimolecular production of sites and neglecting biographical adsorp- 
tion, the isotherm follows Henry’s Law at low pressures, saturation at 
high pressures and variation with a fractional power of p at medium pres- 
sures. The differential heat of adsorption falls from an initial value of g for 
Nz=0 to a minimum g—u for Ng=y. It is to be noted that the curve ob- 
tained is reverse sigmoid with respect to Ng, falling at first slowly then rapid- 
ly and finally asymptotically to g—u at high Nz. In this case, no interaction 
between adatoms is assumed, and no heterogeneity is required for this result. 
The adsorption centers on the crystal surface are here treated as a kind of 
plane gas the concentration of which increases on filling up and the change 
of energy of which is measured by the differential adsorption heat. 

For the kinetics of adsorption, the bimolecular production of sites can 
be shown to yield either a Langmuir kinetics or an adsorption proportional 
to the square root of the time. For a unimolecular production of sites, the 
kinetic expression is that typical of the so-called activated adsorption k=k, 
exp(—Eact/RT). In the theory of activated adsorption a potential barrier 
between adsorption sites and impinging molecule is assumed. In Volkenstein’s 
theory the number of sites increases with temperature proportionally to 
exp(—u/RT). No potential barrier is assumed. Alternatively, we may say 
the number of active centers remains constant, but the number of excited 
centers which are able to adsorb increases as observed. In the unimolecular 
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case this would be a passage from a passive state C to an active state A with 
an activation energy u, (or Ege) corresponding to the excitation of a center. 

In a further paper of which only an abstract is available as yet, Volken- 
stein (100) treats the problem of the reaction A2+B.,=2AB on the surface 
of an ionic catalyst. The surface is treated as a semiconductor, the dissocia- 
tions involved resulting from interaction between the molecules and the 
electrons and holes of the crystal lattice. The rate of reaction depends on 
the number of the electrons and holes, and these depend on the surface con- 
centration of the promoters and poisons present. The theory also yields the 
temperature coefficient of the catalytic activity. This paper bears on the 
recent treatment by Maxted (101, 102) of poisoning action from the point 
of view of the electronic structure of the poison and on an earlier treatment 
by Roginsky (103) of the modification of contacts in which the phenomena 
were ascribed to the physics of solids since, in Roginsky’s view, all the usual 
theories, including his own, of poisoning by blocking on heterogeneous sur- 
faces fail. 

Enough has been written to indicate that, in a new point of view now in 
full development, many aspects of the preceding theory of catalytic reactions 
may find a more comprehensive interpretation, rich in suggestions for further 
research and enormously assisted by parallel developments occurring simul- 
taneously in the science of the solid state. 

I wish to express my indebtedness to my graduate students who have 
given great assistance in the assembly of all the pertinent literature and in 
particular to M. J. Boudart, who has prepared for me lengthy and critical 
analyses of the current Russian literature on catalysis. 
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PHOTOCHEMISTRY’ 


By W. ALBERT NOYES, JR. AND A. J. C. NICHOLSON 
Department of Chemistry, University of Rochester, Rochester, New York 


Photochemistry during 1949 has received relatively less attention than 
during the years immediately preceding the war. This may be due to the 
fact that the full rate of publication resulting from the post war expansion 
of research has not yet occurred. Two trends seem to be apparent in the 
work which has begun to appear, although in some instances workers in 
this field have merely started where they were forced to stop when the war 
began. The new trends concern primarily the use of photochemical techniques 
in the study of polymerization reactions and in the use of photochemical 
sources of free radicals as an aid in the quantitative determination of reaction 
rates for these radicals. 


REACTIONS INVOLVING HALOGENS 


Kramers & Moignard (1) have reinvestigated the photochemical hydro- 
gen-chlorine reaction in a region of low hydrogen pressure and high chlorine 
pressure in a large vessel where wall recombination of chlorine atoms should 
be unimportant. The chlorine was very carefully purified, and it appeared 
that the best purification was obtained by an initial exposure to a tungsten 
lamp. Photolysis with a mercury arc rich in ultraviolet light seemed to form 
some inhibitor. It was found that the rate of reaction was normally propor- 
tional to the square root of the incident intensity and independent of the 
chlorine pressure, as predicted by the Nernst mechanism. However, either 
below 200 mm. of chlorine pressure or at very low light intensities, the rate 
became proportional to the first power of the intensity and to the chlorine 
pressure. 

A general theory of inhibition by removal of chlorine atoms for inhibitors 
not decomposed by light was developed (i.e., inhibitors such as NCI; were 
not considered). The inhibitor A acts as follows: 


Cl+A = ACI I 
ACI] = A+ Cl II 
AC] + Cl = A+ Ch. III 


If ACl is very unstable, the Nernst mechanism holds, while if ACI is a rela- 
tively stable compound, the second type of rate law holds. Their results 
indicated that in the Nernst region, the chlorine molecule acted as the inhibi- 
tor by forming a short;lived Cl; molecule, but that an extremely small 
quantity of a second inhibitor (probably formed from the phosphoric acid 
stopcock lubricant) was present which caused a change in the mechanism 


1 This review covers approximately the period from January, 1949 to December, 
1949. 
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when either the Cl atom or the Clz molecule concentration was low. In the 
limiting case no distinction can be drawn between combination of Cl atoms 
through an unstable Cl; molecule and combination in a triple collision with 
Cl, as third body so that this work does not provide any new proof of the 
existence of Cl. 

Chlorination reactions have as usual been studied extensively during 
the past year. On the whole these studies have been designed to give informa- 
tion concerning the details of various reactions. Batke, Dorfman & LeRoy 
(2) have studied the photochlorination of methyl chloroformate in carbon 
tetrachloride solution. Quantum yields were determined with the aid of the 
uranyl oxalate actinometer and were based on yields for the latter obtained 
by Leighton & Forbes (3). The main product of the reaction results in the 
replacement of one of the hydrogens in the methyl chloroformate to give 
CICO.CH.Cl. The rate expression was worked out in detail after taking 
proper account of the variation in quanta absorbed per cubic centimeter per 
second as the distance from the incident window increases. The mechanism 
suggested by the authors on the basis of careful analysis of the data may be 
given by the following reactions: 


Ch. + fv = 2Cl IV 

Cl + CICO.CH; = CICO.CH: + HCl V 
CICO2:CH: + Ch = ClCO,;CH:2Cl + Cl VI 
Cl + CICO.CH2Cl = CICO:CH2 + Ch VII 
Cl + ClICO.CHz = CICO:CH:Cl Vil 
Cl = 1/2Clh. IX 


The addition of oxygen reduced the quantum yields very markedly, 
but results were not reported in detail. The mechanism embodied in the 
equations above seems to be well established by the data presented by the 
authors. The work was performed in the liquid phase, and hence the detailed 
treatment of the data was based on the assumption that atoms and radicals 
do not diffuse long distances prior to reaction. Local concentrations were 
obtained from the local rate of absorption of quanta and the assumption of 
the steady state. 

The relative rates of photochlorination of chloroform and of deutero- 
chloroform have been studied by Newton & Rollefson (4). This work was 
performed with the main object of determining the effect of isotopic substitu- 
tion on the rates of certain elementary processes. The work was carried out 
in the gas phase at varying concentrations of reactants. The formation of 
hydrogen chloride and of deuterium chloride follow mainly from reactions 
of chlorine atoms with one or the other of the chloroforms, and the rates may 
be represented by the following equations: 


— d(CHCl;)dé = k,(CHCl;) (Cl) Xx 
— d(CDCl;)/dé = k(CDCl;) (Cl). xI 
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If equation X is divided by equation XI and the resulting equation is inte- 
grated between limits, one obtains 


log (CHCIs)o/(CHCl;) = ki/ke log (CDCls)0/(CDCls) XII 


where the subscript 0 refers in each case to the concentration of the proper 
chloroform at zero time. 
The activation energies for each of the two reactions 


Cl + CHCl; = HC! + CCl; XIII 
Cl + CDCl; = DCI + CCl; XIV 


will depend upon the zero-point energy of the activated complex minus the 
zero-point energy of the reactants. The authors assume to a first approxima- 
tion that the difference between the two reactions resides solely in the C-H 
and C-D stretching vibrations which should lie in the direction of the reac- 
tion coordinate. In the normal state, the difference in zero-point energies 
for these vibrations is 1,080 cal. If the assumption is made that the pre- 
exponential terms in & and ky are identical, this approximate theoretical 
treatment leads to the relationship 


ki /ke = 1.00¢e1-980/R7, XV 


From a plot of log k;/k2 against the reciprocal of the absolute temperature, 
it is found experimentally that the difference in activation energy is 714+90 
cal. From this experimental value and the observed rate at any one tempera- 
ture, it is possible to calculate the ratio of pre-exponential terms which 
turns out to be 1.4+0.2. Hence the experimental equation to be compared 
with equation XV is 


ki/ke = (1.4 + 0.2)e(t14t00)/R7, XVI 


It is possible to modify the theory to give a better agreement between 
the observed and calculated activation energy difference. The principal 
change is to assume that the frequency of the vibration of the H or D 
perpendicular to the line between the carbon and the chlorine is greater than 
the bending frequency in the initial chloroform. With such an assumption, 
the agreement as regards activation energy difference is quantitative, al- 
though the error in the experimental result is such as to give this little precise 
meaning. 

Information concerning other steps in the photochemical chlorination 
of chloroform is obtained from the data. Thus, Schwab & Heyde (5) suggested 
the reaction 


HCl + CCl; = CHCl; + Cl, XVII 


but Schumacher & Wolff (6) found that this reaction was unnecessary to 
explain data on the rate of chlorination of chloroform. However, the trends 
and values of ki/k2 give evidence for the existence of reaction XVII. Also 
the formation of considerable amounts of hexachloroethane lends support 
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to the belief that reaction between CCl; radicals must be the principal chain 
stopping step. 

The reaction studied many years ago by Dickinson and his co-workers 
(7) between chlorine and tetrachloroethylene has been studied again by 
Schott & Schumacher (8). This work was published during the war but did 
not become available in this country until recently. In the absence of oxygen, 
the rate expression found by Dickinson and co-workers was confirmed. 
This may be written in the form 


d(C2Cle)/dé = RIg'/?(Clz). XVIII 


In the presence of oxygen, 80 per cent of the reaction proceeded to Cl;CCOCI 
and 20 per cent to COCl.. At higher temperatures, relatively more phosgene 
is formed. The authors consider this to be explicable by the following steps: 


C:Cl; + O2: = P XIX 

P = Cl;CCOCI + ClO XX 

ClO + C:Ck = Ci;CCOCI + Cl XXI 
= COCk + CCl; XXII 

CCl; + 1/202 = COC, + Cl. XXIII 


The C;Cl; radicals in the absence of oxygen can either react with Cl: 
to give C2Cl. or react with each other by the following processes: 


2C2Cls = 2C2Cla + Clo XXIV 
2C2Cl; = C2Cl, + C2Ck. XXV 


The energy of activation for C2Cle formation minus half the energy of acti- 
vation for the two reactions between 2C;2CI; radicals is about 7,400 cal. 
The authors do not indicate any difference in activation energy between 
reactions XXIV and XXV. 

Dickinson, Wallis & Wood (9) have studied the iodine sensitized cis- 
trans isomerization of dichloroethylene. This is one of a series of papers 
{all referred to in reference (9)] by the late Dr. Dickinson and his co-workers 
on this general type of reaction. The reaction was carried out in the liquid 
phase with various concentrations of iodine so that rates could be extrapo- 
lated to zero mole fraction of iodine, thus eliminating the effect of non- 
uniform absorption of light quanta per unit volume. In all cases, the rate of 
thermal isomerization was small compared to that induced by the photo- 
chemical reaction sensitized by iodine. Color filters were used to reduce any 
direct isomerization by absorption by the dichloroethylenes themselves. 
The proposed mechanism for the reaction is embodied in the following 
equations: 


C+IeClI XXVI 
CI= TI XXVII 
TIe@T+I XXVIII 


where C and T represent the cis and trans isomers, respectively, I represents 
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the iodine atoms, and CI and TI are complexes. The over-all rate expression 
can be written in terms of the net rate of disappearance of either the cis 
or trans forms and will have, for example, the general form 


— d(C)/dé = k,(I)(C) — &2(1)(T). XXIX 


The reaction will approach an equilibrium state, and the constants, k; and 
ke, can be evaluated on the assumption that the concentration of the iodine 
atoms remains essentially constant throughout a given experiment. It should 
be noted that the constants, k; and ko, are over-all constants and do not refer 
to single steps in the mechanism. The iodine atoms result both from the 
photochemical dissociation of Iz and from its thermal dissociation, and they 
disappear by recombination. Variation of the surface exposed to the solution 
indicated quite strongly that the reaction is homogeneous and not surface 
catalyzed. 

It is possible to calculate an activation energy by a plot of the logarithm 
of the rate constants against the reciprocal of the absolute temperature, the 
rate constant obtained by extrapolation to zero iodine concentration being 
the one most appropriate for this purpose. The empirical activation energy 
of the iodine sensitized isomerization was found to be 11,900+700 cal. 
This may be contrasted with 31,200 for the thermal iodine catalyzed isom- 
erization as found by Wood & Dickinson (10). The difference between 
these two is 19,300 cal. which compares very favorably with the value cal- 
culated by Dickinson & Lotzkar (11). Actually, this difference should be 
equal to one half of the heat of dissociation of iodine, but since heats of solva- 
tion are not too well known, no direct comparison is possible. One half the 
heat of dissociation of gaseous iodine is 18,100 cal. All of these statements 
may be taken to indicate quite strongly that the photochemical isomeriza- 
tion proceeds through the agency of iodine atoms. 


HYDROGEN PEROXIDE 


The vapor phase photodecomposition of hydrogen peroxide at a wave 
length of 2,537 A has been investigated by Volman (12). Absorption in this 
region is continuous (13) and apparently leads almost exclusively to the for- 
mation of hydroxyl radicals. The reaction was examined with added gases, 
particularly oxygen, nitrogen, and water vapor. Acetone vapor was used 
as an actinometer (14). A plot of the logarithm of H2O2 pressure against the 
time gave a straight line until near the end of the reaction. The quantum 
yield of H,O2 disappearance was found to be 1.7+0.4. The reaction scheme 
proposed accounts for the main facts which have been observed and is em- 
bodied in the three following equations: 


H.02 + Av = 20H XXX 
OH + H.O,. = H.O + HO, XXXI 
HO, + HO: = H2O, + Or. XXXII 


An over-all yield somewhat below 2 would be accounted for by some recombi- 
nation of OH radicals to give H»Oz. The experiments with added Oz indicate 
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quite definitely that H atoms are not formed. The general evidence for the 
mechanism is very satisfactory. The HO: radical has very frequently been 
postulated, and evidence for its existence invariably comes from the fact 
that reaction schemes which do not use it are difficult to formulate. 

Similar indirect evidence for the existence of the HO, radical is provided 
by the work of Lea (15) on this photolysis in dilute aqueous solution. The 
reaction was found to be a chain reaction with the quantum yield of hydrogen 
peroxide decomposition proportional to the hydrogen peroxide concentration 
and the square root of the intensity. At very high intensities and very low 
peroxide concentrations, it is found that the chain reaction disappears since 
the radicals never meet a peroxide molecule and the kinetics become those of 
the initiation and termination reactions only. The quantum yield reaches 
a limiting value of 1.39+0.11. It can be seen that if the primary quantum 
yield is ¢; and the chain reaction is 


OH + HO: = HO: + H:0 XXXII 
HO; + H20: = HO + O2 + OH, XXXIV 


then the limiting value of the quantum yield at high intensities should be 
0, 1,2 g: or 2 gd: according as the termination steps are 


20H = H20 XXXV 
20H = H.0 + 0 XXXVI 
2HO2 = H,02 + O2 XXXVII 
OH + HO: = H:0 + On. XXXVIII 


The experimental result shows that XXXV alone is not permissible 
and that XXXVI and XX XVII and hence XX XVIII must be postulated. 


ALDEHYDES AND KETONES 


Brinton & Blacet (16) have made a mass spectrometric study of a mixture 
of deuterated acetaldehydes. This is not primarily a photochemical study, 
but samples of a heavy acetaldehyde mixture were photolyzed in the pres- 
ence of iodine. The methyl iodide from these photolyses was analyzed by 
the mass spectrometer, and the amounts of the various methyl iodide species 
were determined. From such data, it is possible to obtain the distribution 
of the deuterium between the methyl group and the functional group in the 
various acetaldehydes. The data are to be extended and used in later photo- 
chemical studies. 

The photochemistry of acetone has received so much attention that it 
would be expected to have at least one article on this subject during 1949. 
Hill (17) has made calculations on the diffusion of radicals during this de- 
composition. An investigation of this type is important because the distribu- 
tion will determine local rates which must be integrated over the entire 
volume of a vessel to give total rates of formation of the various products. 
Insufficient data are available to determine the distribution which would be 
obtained under any given set of experimental conditions. It may be stated, 
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however, that radical concentration will depend very markedly on the fates 
of radicals when they encounter walls. In the type of vessel used by most 
investigators and with a light beam passing down the center of a tube, the 
concentrations of radicals would not be approximately uniform unless they 
are almost completely reflected from the walls. In the event of high light 
absorption so that the number of quanta absorbed per cubic centimeter per 
second is far greater near the incident than it is near the exit window, further 
complications leading to lack of uniformity are encountered. The paper 
offers a useful guide to workers in the field who may encounter these prob- 
lems. 

A detailed study has been made of the reaction between methyl] radicals 
and olefins by Raal et al. (18, 19, 20). The methyl radicals were produced by 
the photolysis of acetaldehyde, and the reaction was studied by measuring 
the rate of photolysis of the aldehyde and the rate of polymerization of the 
olefin for varying olefin pressures. The methyl radical either abstracts hydro- 
gen from the aldehyde or combines with the olefin to form the polymerizing 
radical. For ethylene, the activation energy of the step which forms the poly- 
merizing radical is 2.9 kcal. per mole less than that for the hydrogen abstrac- 
tion reaction. The kinetics indicated that the step which terminates the 
polymerization is first order with respect to the polymerizing radical. It is 
postulated, therefore, that the polymerizing radical undergoes a unimolecular 
isomerization to give a radical which can neither add to another ethylene 
molecule nor undergo a chain transfer reaction by splitting into a dead 
polymer and a further methyl radical. The efficiency of the olefins in breaking 
the acetaldehyde chain increases with increasing molecular weight of the 
olefin and more markedly as the number of methyl groups on the olefinic 
carbon is increased. However, the kinetic analysis shows that the rate at 
which the methyl adds to the olefin does not depend greatly on the nature of 
the olefin. Therefore, the increasing inhibitory powers of the higher olefins 
must be due to an increasing tendency of the polymerizing radical to iso- 
merize. A surprising further result was obtained by studying the effect of 
mixtures of these inhibitors. If propylene is added to a mixture containing 
ethylene, there is a steep increase in inhibition of the acetaldehyde photolysis 
as the pressure of propylene increases. On the other hand, as ethylene is 
added to a mixture containing propylene, the photolysis rate is at first in- 
creased and only decreases after passing through a maximum. Although 
ethylene is itself an inhibitor, it can speed up the reaction in the system 
containing propylene because when the polymerizing radical meets an ethy!- 
ene molecule, there is a greater possibility of chain transfer occurring than 
when it meets a propylene molecule. 

The decomposition of diethyl ketone has been studied by Dorfman & 
Sheldon (21). The previous work by Davis (22) had shown the quantum 
yield of carbon monoxide formation to be nearly unity under all experimental 
conditions studied. This is confirmed in the present work. Analyses were 
made for total C2 hydrocarbons and for CyHyo. Since C2 hydrocarbons can 
be produced by two reactions 
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C.H; + CoHs = C2Hs + CoH, XXXIX 
C:Hs + C:H;COC2H; = C:Hs + C:H,COC:Hs, XL 
whereas butane is formed only by the reaction 
C.Hs + CoHs = CyHio, XLI 


it is possible to arrive at the following expression for the ratio of quantum 
yields: 
®c,/Pc, = [2ks9/ka1] + [Rao(K)/Rar/?Bo4!*I 61!) XLII 


where (K) represents the concentration of the ketone. This equation was 
found to be obeyed quite satisfactorily. The ratio of rate constant for dis- 
proportionation to rate constant for butane formation was found to be about 
0.25 at 57°C. and about 0.82 at 120°C. The energy of activation for dispro- 
portionation is about 4,800 cal. greater than that for radical combination. 
The activation energy for reaction XL was found to be about 4,100 cal. 
greater than half the activation energy for combination. A complete mecha- 
nism involving all of the means of disappearance of ethyl radicals was ad- 
vanced and found to be in satisfactory agreement with the data. 


DIMETHYL MERCURY 


A study has been made of methyl radicals during photolysis of dimethyl 
mercury by Phibbs & Darwent (23). The 2,288 A line of mercury was used, 
and hydrogen was added to the system. Plots of logarithms of CH, and C2H, 
formation versus the reciprocal of the absolute temperature led to the result 
that the energy of activation of CH, formation is about 9,100 cal. whereas 
that of C,H, formation is about 1,000 cal. At low temperatures, the CH, 
plot is not a straight line which led the authors to believe that at high temper- 
atures the normal reaction CH3+H2=CH,4+H occurs with CH; radicals at 
thermal equilibrium whereas at low temperatures relatively more methane 
arises from active (high speed) methyl radicals which undergo reaction with 
no activation energy. The addition of carbon dioxide seems to provide some 
deactivation of the methyl! radicals and to increase the apparent activation 
energy at low temperatures. It should be pointed out that plots of the type 
used by the authors (log R versus 1/T, where R is the rate) do not lead to a 
correct activation energy unless the radical concentration is constant and 
independent of temperature. 

A somewhat similar study has been made by Gomer & Noyes (24) at 
temperatures from 100° to 250°C. It is necessary to postulate some ethane 
formation due to reaction of CH; radicals with Hg(CHs)2, but this does not 
seem to be a simple inversion reaction, and the data may be explained by 
assuming an intermediate complex which reacts with a second methyl radi- 
cal to give ethane. It is possible from plots of Rco.n;/Rcn, versus Ron, to deter- 
mine ratios of various rate constants. It is found that the activation energy 
for methane formation is about 9,000 cal. greater than one half the value 
for ethane formation by radical combination. The activation energies for 
ethane formation by the two processes are found to be about the same, a 
somewhat surprising result since reaction of methyl radicals and dimethyl 
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mercury to give ethane could lead to chain propagation. There is no indica- 
tion of a long chain reaction. However, this reaction is found to have a very 
low “‘steric’’ factor. It is concluded further that the pre-exponential factor 
for methane formation is about 4.6 X10~® times the square root of that for 
ethane formation by radical combination (if the constants are expressed in 
molecules! sec.—! cc.). In other words, if radical combination is normal in 
the sense that every collision with the proper energy leads to reaction, 
the collision efficiency for methane formation is about 10~* to 10-4. While 
certain steps in the mechanism seem to be well established, some details, 
particularly the nature of the reaction of methyl radicals with dimethyl 
mercury to give ethane must be considered as not established. 


MISCELLANEOUS POLYATOMIC MOLECULES 


The mercury photosensitized polymerization of cyclopropane has been 
studied by Gunning & Steacie (25) using *P; mercury atoms. A wide range of 
pressures, 1 to 400 mm., was covered at 30°C. The only product seems to be 
a liquid polymer (C3H¢), where m is probably about 6. Some propylene is 
found at low initial pressures and is ascribed to the collision of trimethylene 
biradicals with the wall. In the region of complete quenching the quantum 
yield of cyclopropane disappearance is about 0.14. A mechanism is advanced 
whereby an activated biradical is produced by collision of the second kind 
between *P, mercury atoms and cyclopropane. These activated radicals 
can either reform cyclopropane or form higher biradicals by collision with 
cyclopropane molecules. Chain termination occurs when the polymer biradi- 
cal is no longer able to break C—C bonds in cyclopropane. 

Evidence for the existence of radicals is found by the addition of propylene 
which considerably decreases the rate of pressure decrease. It is found further, 
through the addition of Hz, that H atoms produced by the sensitized reaction 
with mercury do not react with cylcopropane under the conditions of these 
experiments. 

The mercury photosensitized decomposition of neopentane has been 
studied in the same laboratory (26) over the range from 25° to 200°C. in the 
presence and absence of hydrogen. The main reaction is to give hydrogen 
and an oily liquid that was conclusively identified as dineopentyl. Some 
methane is also found at the higher temperatures. Their results lead to a 
mechanism 


CsHi2 + Hg(*P:) = CsHie* + Hg('So) XLIII 
CsHi* = CsHu + H XLIV 
= deactivation XLV 


in which the deactivation is the more important of the last two reactions. 
An induction period was found in the reaction for which there does not 
appear to be any very satisfactory explanation. The quantum yield for 
hydrogen production was approximately 0.004 with an activation energy 
of 4.3 kcal. per mole. It is interesting to note that this low quantum yield 
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is of the same order as is found for methane in similar photosensitized reac- 
tions while the equivalent quantum yield for ethane is about unity. It would 
be expected that the C—H bond strengths in ethane and neopentane would 
be almost identical and different from the bond strength in methane, hence 
the authors suggest that the bond strength difference is less important 
than the symmetry properties that neopentane and methane have in com- 
mon. 

Atkinson (27) has studied the mercury photosensitized decomposition 
of tetrafluoroethylene. This reaction is very different from the equivalent 
reaction for ethylene. The products consist of a gas of molecular weight 
150 and boiling point —33°C., believed to be hexafluorocyclopropane, some 
higher boiling compounds, and a white powder with properties similar to 
the (CFs), polymer prepared catalytically. A mechanism is suggested which 
involves a primary split into CF: radicals. 

The action of ultraviolet light on DDT has been examined by Fleck 
(28). p,p’-DDT in ethyl alcohol solution was irradiated with a 360 watt 
mercury vapor lamp. Hydrogen chloride was evolved, and a strong odor of 
acetaldehyde was noticed. About 10 per cent of a crystalline compound with 
a melting point of 230-231°C. was produced and was shown to be 2,3- 
dichloro-1,1,4,4-tetrakis-(p-chlorophenyl)-2-butene. This compound through 
loss of hydrogen chloride and subsequent oxidation may be converted 
into 4,4’-dichlorobenzophenone. The author believes that these results 
explain the lack of stability of DDT solutions in sunlight. 

Durie, Iredale & Kingsbury (29) have measured the quantum yield of 
iodine production in the photolysis of iodobenzene in hexane solution in the 
presence of nitric oxide and found it close to unity. Mandl & McLaren (30) 
have investigated the rupture of the polypeptide bond by measuring the 
quantum yields for the photolyses of solutions of phenyl propiony] alanine 
and propionyl pheny] alanine. Their results indicate that the energy absorbed 
in the chromophore breaks the weakest bond, the C—N link, whether it 
has to travel to this bond through 3 C atoms or 2 C and 1 N atoms. 

Evans & Uri (31) have shown that a new type of initiation of polymeriza- 
tion gives supporting evidence to the explanation of an absorption band 
in ferric hydroxide solutions previously suggested by Rabinowitch (32). 
Polymerization resulted from irradiation at 3,500 A of solutions of ferric 
hydroxide and monomers which are known to be polymerized by OH radi- 
cals. They suggest that excitation takes place by electron transfer in the 
ion pair Fet**OH™ to give Fe*tOH which then breaks down to give an OH 
radical. 

The photolysis of acetic acid-uranyl acetate solutions in visible light has 
been studied by Clusius & Geldmacher (33). Methane and carbon dioxide 
are the main products. If light acetic acid and light uranyl acetate are photo- 
lyzed in D.O solution, 71 per cent of the product is CH;D and 29 per cent 
CH,. In earlier work, CH;COOD was photolyzed in D,O solution, and 21 
to 36 per cent of the product was CH;D. At short wave lengths carbon-carbon 
bonds are broken and reactions with the solvent are important. At longer 
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wave lengths in the visible spectrum, rearrangements internally seem to 
play a very important part in the reaction. 

Lewis, Calvin & Kasha (34) have determined the paramagnetic suscepti- 
bility of acid fluorescein dye in its long-lived phosphorescent state in boric 
acid glass at 25°C. The polar magnetic susceptibility is found to be 
3,090 X 10-* c.g.s. units which agrees within the experimental error with 
that of oxygen in its ground state. The authors conclude that this phospho- 
rescent state of the dye is a ‘“‘triplet’’ state. The data were carefully analyzed 
and the steady state concentration of the phosphorescent state was obtained 
from the light intensity and the known rate of decay. 

Light absorption by organic dyes has been studied theoretically by Kuhn 
(35). It is the contention of the author that molecular and bond orbital 
methods do not lead in general to correct predictions of the positions of 
absorption bands of dyes, particularly of a polymethine type. The author 
uses a model for the polymethine chain which is somewhat analogous to the 
Sommerfeld model for free electrons in a metal. Fair agreement is obtained 
between theory and observation for the positions of absorption maxima for 
certain polyenes and for several types of polymethine dyes. 

Preliminary experiments have been described by Norrish & Porter (36) 
who used a light source of very much higher intensity than that usually 
used in photochemical experiments. By means of a discharge type lamp, they 
obtained a short duration flash providing about 10* quanta per sec. Some 
simple photochemical decompositions gave results that were qualitatively 
different from those obtained at more conventional intensities. The difference 
is presumed to result from the fact that the radical concentration is so high 
that the radicals collide more often with one another than with one of the 
molecules originally present. 


POLYMERIZATION REACTIONS 


The techniques of photochemistry have recently been used to evaluate 
absolute velocity constants in polymerization reactions. For chain poly- 
merizations, four velocity constants are required, those for initiation, propa- 
gation, transfer, and termination. Measurement of the variation in rate of 
polymerization under varying initiation conditions gives two relations be- 
tween the constants, and a third is obtained by measuring the number aver- 
age molecular weight of the polymer. By using photochemical initiation and 
intermittent illumination, the mean kinetic lifetime of the chain can be deter- 
mined and a fourth realtionship found so that absolute values of the constants 
can be calculated. This lifetime can be equated to a fourth function of the 
velocity constants so that abolute values can be calculated. 

Matheson and his co-workers used a dilatometer to measure rates of 
polymerization of methyl methacrylate (37) and vinyl acetate (38); poly- 
merization was initiated by a photocatalyst, and a rotating sector was used 
to measure lifetimes. For vinyl acetate, further information was obtained 
about the initiation process by studying the induction period during which 
an inhibitor disappeared. Good agreement was obtained between the rates 
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measured (a) by using a-azo-bis-isobutyronitrile as a thermal initiator and 
assuming the initiation rate was twice the rate of decomposition of the initia- 
tor and (b) by using benzoquinone as an inhibitor and assuming two quinone 
molecules stop two chains. 

Bamford & Dewar and several others have studied styrene (39), methyl 
methacrylate (40), vinyl acetate (41), and p-methoxystyrene (42) by a 
slightly different method. Viscosity measurements were used to determine 
rates of polymerization and molecular weights; the viscosity measure- 
ments were corrected to give the number average molecular weight as 
described in an earlier paper (43). The monomers used could be polymerized 
by light alone, and the fourth relationship between the constants was ob- 
tained from a study of the decay in the polymerization rate after stopping 
the light (photochemical after-effect). 

For some polymerizations, it is possible to compare the results obtained 
in four different laboratories. Three laboratories used the rotating sector 
technique but somewhat different initiation procedures while Bamford & 
Dewar measured the photochemical after-effect. Agreement cannot yet be 
considered satisfactory. All workers purified their monomers with extreme 
care, but these reactions are so very sensitive to catalysis and inhibition that 
the differences could be due to trace impurities. There also exist some differ- 
ences of opinion over the mechanisms of initiation and chain termination. 

The table below gives a comparison of the results obtained for methyl 
methacrylate and vinyl acetate. The pre-exponential factors (A) are in I. 
mol.—! sec.—!, the activation energies (£) in kcal. mol.—!, and the velocity 
constants (k) have in some cases been extrapolated beyond the range of 
temperature measured. 


ViInyL ACETATE 


























Propagation Termination 
Ref. 
Ruc. A E kw°c. A E 
44 5.5 X10? 4 107 
45, 46 7.8 X10? 3.9 108 
38 1.01 X10* 2.43 X108 7.32 5.88 X10? 4.16 X10" 5.24 
42 4.6 X105 9.8 105 3.2 2.2 108 2.2 108 0 
METHYL METHACRYLATE 
Propagation Transfer Termination 
Ref. 
ke'o. AE ke, A E ke, A gE (EP 
—ETer) 





37 = 43.7 X10® 5.13 X10 6.31 3.77 X10~4 2.75 X10® 12.28 7.11 X10® 1.36 X10® 2.84 9.8 
38 8641.6 6.13 X10~¢ 2.69 X10 9.9 
47 146 5 X105 4.4 6.8 X107 1 X108 0 8.8 
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The experiments of Burnett & Melville have been criticized on the 
grounds that the light absorption was so high that the radical concentration 
was not uniform throughout the reaction cell. Their most recent paper (46) 
describes a technique that enables a correction to be made for this effect. 
Their demonstration that two sources of illumination give an approximately 
uniform radical concentration does not, however, seem to guarantee that high 
absorption of light from a single source does not cause an appreciable error 
in the measured lifetime. The agreement between three laboratories on the 
propagation constant for vinyl acetate seems to indicate that Dixon-Lewis’ 
value (42) is too high, but it does not seem possible to decide between the 
two differing sets of termination constants. It is clear that further experi- 
mental work is required in this difficult field, preferably in as many different 
laboratories as possible. 

Bamford & Dewar (48) have applied these methods in a novel manner to 
the study of the autoxidation of tetralin in the liquid phase. Certain vat 
dyes act as photosensitizers for the oxidation and hence the same methods 
can be used to determine absolute velocity constants. Their results are 
consistent with the mechanism of Bolland & Gee (49), and for the reactions 
below they find: 


T + O2 = TO: 00 6.8 x 107 XLVI 
TO: + TH = TO.H + T 4.5 2.5 X 104 XLVII 
2T = chain breaking 2.6 5.5 X 108 XLVIII 

2TO: = chain breaking 0.4 4.2 X 10? XLIX 


where TH represents tetralin and A is in 1. mol.—! sec.—}. 

It is interesting to note that all these radical reactions in solution have 
low frequency factors, and Bamford & Dewar (50) have argued that this is 
a general property of such reactions. Similar values were obtained by Bate- 
man & Gee (51) in their investigations of the photochemical oxidation of 
olefins. Calculation from the results of Gomer & Noyes (24) and Dorfman & 
Noyes (52) provides some evidence that the simpler radicals also behave in 
this manner in the gas phase. This view has been generally accepted for 
radical recombination reactions, but that a hydrogen abstraction reaction, 
such as the second reaction above, should have a still lower frequency 
factor is unexpected. Evans & Szwarc (53) have recently argued in favor 
of the opposite view although the experimental data they considered were 
mainly for atomic reactions. 


MISCELLANEOUS PHOTOCHEMICAL STUDIES 


An interesting application of photochemical techniques has been made 
by Norrish & Patnaik (54). They shone an intense light into mixtures of 
methane-oxygen and ethylene-oxygen at temperatures at which slow com- 
bustion was occurring. The combustion was accelerated in spite of the fact 
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that both combusting gases are transparent to the wave lengths of light em- 
ployed. These results are consistent with a scheme postulating that formalde- 
hyde is the intermediate responsible for the degenerate branching in these 
two combustions and that the irradiation speeds up the reaction by dissociat- 
ing the formaldehyde into radicals. It may be pointed out that there is still 
some disagreement over the relative importance of formaldehyde and of 
peroxides as intermediates in these reactions and that not enough is known 
about the photochemistry of peroxides to say that these experiments rule 
out the peroxide mechanism with certainty. 

Silver bromide and silver chloride have been photolyzed in suspension 
in water by Wolff (55). Halogen atoms are apparently formed in the primary 
process, and these may undergo the following reactions: 


X + H.0 = Ht + X- + OH L 
X+X+M=xX,+M LI 
X + OH- = X~ + OH. LIT 


Reaction LII is unimportant in neutral solution, but as the NaOH concen- 
tration is increased, the yield of bromide ion increases and reaches a constant 
value at about 0.1 M NaOH. The quantum yield is, however, far less than 
unity even under these conditions. The yield decreases with time, a fact 
which can be explained by the increasing importance of the reverse reaction 
which follows dissociation of the Bro and Iz which are formed. 

Nalbandyan (56) has investigated the mercury photosensitized oxidation 
of ethane by using a flow system and analyzing the products for aldehydes, 
carbon monoxide, and carbon dioxide. At short contact times, the amount of 
aldehyde formed corresponds to the amount of ethylene used up while there 
was little formation of carbon oxides. At longer times of contact, the amount 
of aldehyde became constant while the carbon oxides increased linearly with 
contact time. It is thus evident that the carbon monoxide and carbon dioxide 
are secondary products of the primarily formed aldehydes. The reaction was 
found to be a chain reaction, and organic peroxides were identified in the 
products. The shorter the contact time, the greater the ratio of peroxides to 
aldehydes; the aldehydes also disappeared at sufficiently short contact times. 
Thus, the primary reaction is probably the formation of peroxides by combi- 
nation of free radicals with oxygen. From the ratios of formaldehyde to 
acetaldehyde in the products, it was considered that the split to give two 
methyl radicals occurred more often than the split to give ethyl and hydro- 
gen although both reactions occurred. 

Young & Allmand (57) have studied the photolysis of aqueous solutions 
of chlorine, hypochlorous acid, and sodium hypochlorite using a full mercury 
arc and quartz reaction vessels. All of these compounds gave chloric acid or 
chlorate and oxygen to the exclusion of other products, and the reations were 
followed by measurement of quantum yields and percentage conversion of 
chlorine to chlorate. Chlorine molecules and ClO™~ ions are the absorbing 
species, and the mechanism is essentially the same for all solutions. The 
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postulated mechanism involves the production of Cl atoms and from them 
ClO, OH, and HO; radicals. The chlorate ions are formed largely by 


2ClO + H.O = 2H* + Cl- + Clo,-. LIII 


Experimental evidence was found that oxygen was produced by a short 
chain reaction, and the formation of hydrogen peroxide was postulated as an 
intermediate in this process. 

Katz (58) has investigated the low intensity failure of the photographic 
reciprocity law. This was entirely a theoretical investigation. The bases 
for the treatment are the following: (a) a monatomic silver speck is unstable 
against thermal agitation, whereas diatomic and triatomic specks are stable; 
(b) the energy required to set free an electron from a monatomic speck must 
follow a quasi atomic distribution. It is found that the failure varies sys- 
tematically with grain size, and satisfactory agreement between theory and 
available data is found. 

The effects of water vapor and of oxygen in the far ultraviolet region on 
the photochemistry of cellulose have been studied by Launer & Wilson (59). 
The results are somewhat different from those obtained by various authors 
in the near ultraviolet and with heterogeneous ultraviolet light (60). At 
2,540 A, the quantum yield for the rupture of the cellulose molecular chain 
is found to be very low, of the order of magnitude of 10~-%. Oxygen has no 
effect on the reaction, and water has an inhibitory effect, thus indicating that 
neither oxidation nor hydrolysis play an important part in this region of the 
spectrum. Wood cellulose turns yellow during irradiation at 2,540 A, an 
effect which was not observed at longer wave lengths. The decrease of alpha 
cellulose and the decrease in polymerization of cotton cellulose were both 
measured and seem to be true photochemical reactions. Retarding reaction 
of water vapor is ascribed to interchain water bridging with the hydroxyl 
group on carbon atoms 2 or 3. 


EXCHANGE REACTIONS 


Miller &- Willard (61) have investigated the exchange reaction between 
Br. and CCI1;Br. This is not primarily a photochemical study, but comparison 
is made between the thermal and photochemical reactions. Rates were deter- 
mined in liquid CCl;Br, in CCl, solution, and in the gas phase. The near 
equivalence of the activation energies and rate constants in the gas and liquid 
phases suggests that the elementary steps are the same in the two phases. 
Analysis of the data indicates that the activation energy of 7 kcal. should be 
ascribed to either 


CCl;Br + Br* = CCI;Br* + Br LIV 
or 
CCl;Br* + Br = CCI;Br + Br* LV 


where the asterisk denotes radioactive bromine. This agrees with the results 
of Day (62) on the photochemical exchange which indicate an activation 
energy of 5 to 10 kcal. for these steps. 
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Davidson & Sullivan (63), from a study of the thermal vapor phase 
exchange over the range 420 to 455°C., conclude that the energy of activation 
for reactions LIV and LV may be about 10.3 kcal. These authors also 
estimate the reaction CCl;H + Brz=CCI3;Br+HBr to be slightly endothermic 
and raise certain questions about the mechanism of photobromination of 
chloroform suggested by Braunwarth & Schumacher (64). It is suggested, 
however, that two reactions proposed by these authors may be important 
in the exchange reaction, viz.: 


Br + BrCCl; = Bre + CCl; LVI 
Cl;C + Br. = Cl;CBr + Br. LVII 


Thus, certain details concerning the mechanism of these exchange reactions 
are not fully established. 
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POLAROGRAPHY' 


By H. A. LAITINEN 


Noyes Chemical Laboratory, University of Illinois, 
Urbana, Illinois 


The polarographic behavior of reversible oxidation-reduction systems 
which yield diffusion-controlled currents is well understood (1). The polaro- 
graphic half-wave potential for such systems has a known relationship to 
standard oxidation potentials and to activity coefficients and diffusion 
coefficients of the substances involved in the electrode reactions. Reversible 
half-wave potentials can be used, like reversible null-potentials, for the evalu- 
ation of formal oxidation potentials and to determine the formulas and 
dissociation constants of complexes in solution. 

The polarographic diffusion current can be used to estimate diffusion co- 
efficients and to determine by inference the nature of the electrode reaction 
by evaluating the number of electrons involved per molecule. The limitations 
of the Ilkovic equation (2) for the polarographic diffusion current have 
recently been reviewed by Lingane (3) and will not be covered here. 

Because of limitations of space, it will not be possible to discuss polaro- 
graphic work dealing with the mechanisms of specific electrode reactions, 
the evaluation of oxidation potentials, the evaluation of equilibrium con- 
stants, the study of polarography in nonaqueous media, the study of adsorp- 
tion phenomena and electrocapillary effects, or the theory of polarographic 
maxima. 

The present review is limited to a discussion of recent work in three 
subjects related to the kinetics of electrode processes. Many polarographic 
waves which are diffusion-controlled with respect to wave height deviate 
in shape and half-wave potential from those expected from reversible elec- 
trode reactions. In some instances, the first step appears to be reversible, 
but the rate constants of subsequent steps are involved in the observed 
half-wave potential. The primary electrode reaction itself may be irreversible 
because of slowness inherent either in the electron transfer reaction itself or 
in subsequent reactions in solution. In spite of the tremendous amount of 
experimental work on specific irreversible polarographic current-voltage 
curves, relatively little progress has been made toward a generally useful 
theoretical interpretation of such curves. A great deal of progress has been 
made in recent years in the interpretation of polarographic waves which are 
controlled in height not entirely by diffusion rate but at least partly by the 
kinetics of a reaction in solution. 

The use of alternating current and pulsating current techniques, usually 
observed experimentally by oscillographic methods, has provided a promis- 
ing new approach to the study of the kinetics of electrode processes. Because 


1 This review covers approximately the period from September, 1946 to Septem- 
ber, 1949. 
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of the fact that most of the work in this field is of recent origin, and because 
of the wide scope of possible future applications, this subject will form the 
major part of the present review. 


THE EQUATION OF THE POLAROGRAPHIC WAVE 


For a reversible electrode reaction involving equal numbers of molecules 
of oxidant and reductant and 7 electrons, the rising portion of the wave 
conforms to an equation developed by Heyrovsky & Ilokvic (4) 


E = Ey2 + (RT/nF) In [(izg — i)/i] 
which is symmetrical about the half-wave potential £1/2. If unequal numbers 
of molecules of oxidant and reductant are involved, the wave is no longer 
symmetrical, and consequently the half-wave potential is dependent upon 
the concentration. Nonetheless, it has thermodynamic significance. 
Many irreversible polarographic waves may be empirically expressed 
by an equation (1): 
E = Ey, + (RT/aF) In [(ia — i) /i]. 


The half-wave potential is independent of concentration, but the constant 
a, which is less than the number of electrons per molecule and is often numeri- 
cally less than one, replaces the number n. In other cases, the wave is no 
longer symmetrical about the half-wave point, and a more complex relation- 
ship is found between current and potential. 

Van Rysselberghe (5) has attempted to formulate a general mechanism 
to account for deviations from the reversible slope and especially for cases 
in which lack of symmetry is observed. Reasoning largely from the lack of 
temperature sensitivity of half-wave potentials, he concluded that many 
irreversible polarographic waves are actually the result of successive equilib- 
ria of reversible systems and that the observed equation could be accounted 
for by a polymerization-adsorption equilibrium. Specifically, if X molecules 
of substance R accept two electrons and two protons, the electrode reaction is 


XR + 2H* + 2e- = Rx. 


Such a reaction was assumed to be reversible. Also, the reduction product 
Rx Hz: was assumed to be in reversible adsorption equilibrium at the electrode 
surface. The equilibrium was assumed to be governed by a Freundlich 
isotherm 

Crotution = KCyurtace” 


where Z is a parameter having some value larger than unity. 
With these assumptions, he derived an equation for the polarographic 
wave 
E = E," + (RT/2F) \n [(ig — i)*/i?] 


in terms of the parameters X and Z. From experimental current 
curves, he was able to evaluate the parameters by locating the point of in- 
flection and by determining the slope of the wave at the half-wave potential. 

It appears to the author that the main utility of this approach is to de- 
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scribe an unsymmetrical wave in terms of two empirical parameters, which 
can be evaluated in a simple way. Utmost caution should be exercised, how- 
ever, in attempting to assign physical significance to the parameters X and Z. 
The assumptions of polymerization at an electrode surface and a reversible 
adsorption equilibrium need independent experimental verification for each 
specific electrode reaction. It appears doubtful that the lack of appreciable 
variation of half-wave potential with temperature can be used, as has been 
suggested by Van Rysselberghe, as an indication of reversibility. A high 
activation energy of the primary electronic reaction at the electrode would 
appear to be a more likely cause of temperature insensitivity. 

Van Rysselberghe, Alkire & McGee (6) applied the above theory (modi- 
fied to fit the case of an unbuffered solution) to polarographic curves observed 
with solutions of carbon dioxide. From the experimental curves, the param- 
eter X was found to havea value of 6, while Z had a value of 7. Accordingly, 
it was postulated that the electrode reaction is 


6CO, + 2H* + 2e— — (CO»)¢He 


and that the reduction product is in adsorption equilibrium according to 
an isotherm 


in which Cx is the concentration in solution and Cx, is the surface concentra- 
tion. In the absence of independent proof of reversibility of electrode reac- 
tion and of adsorption equilibrium, the conclusions do not appear valid to 
the author. 

A more fruitful approach to the theory of irreversible polarographic 
waves would appear first to require distinguishing between those reactions 
with a reversible, potential-determining step, as suggested by Kolthoff & 
Lingane (1), in which the rate is determined by a subsequent reaction in 
solution, and those in which the rate is determined by the electron transfer 
reaction itself. The oscillographic techniques to be described later in this pa- 
per offer a means of detecting the presence of an initial reversible step. 

An interpretation of the polarographic reduction of iodate and bromate, 
based upon a consideration of the electron transfer reaction as the rate- 
determining step, has been made by Orlemann & Kolthoff (7, 8). A general 
treatment of polarographic waves on the basis of the absolute theory of 
reaction rates has been presented by Marker, Kwoh & Eyring (9). The over- 
voltage and shape of the waves were interpreted in terms of the height and 
symmetry of an energy barrier. Experimental evaluation of the parameters 
of the equation allowed a determination of the number of electrons involved 
in the reaction and an estimation of the free energy of activation. 


KINETICALLY LIMITED POLAROGRAPHIC WAVES 


irdicka, Wiesner, and co-workers, (10 to 18) have described several cases 
of polarographic waves which are limited in height not only by the rate of 
diffusion to the electrode surface but also by the rate of a reaction in the 
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vicinity of the electrode surface. Bieber & Triimpler (19 to 22) have inde- 
pendently published a series of papers on formaldehyde reduction with a 
consideration of kinetically controlled wave heights, but the theoretical 
interpretations, according to Vesely & Brdicka (17) were based on the prior 
work of the Prague school. 

If a substance can exist in two forms, A and B, in solution, and one of the 
two forms, A, is more easily reduced than the other, then the wave height 
for the more easily reduced form depends not only on its concentration in 
the bulk of the solution but also on the rate of its regeneration at the electrode 
surface by reaction or rearrangement of B. Of course if the regeneration rate 
is negligible, then the wave height is a measure of the equilibrium concentra- 
tion of A, andif the regeneration rate is very rapid, only a single polarograph- 
ic wave is observed at a potential corresponding to the earlier reduction. 

For example (17, 19, 20, 21), formaldehyde exists in the free state and as 
its hydrate (methyleneglycol) in aqueous solution. Only the free formalde- 
hyde is reducible. Since the equilibrium concentration is very small, the limit- 
ing current is determined almost entirely by the rate of transformation of 
the hydrated form to the free formaldehyde. Bieber & Triimpler (23, 24) 
described the polarographic behavior of acetaldehyde and propionaldehyde 
in terms of a similar but less clear-cut hydration mechanism. 

The polarographic reduction of certain acids, such as pyruvic and phenyl- 
glyoxylic acids (13, 16, 17, 18), occurs more readily than that of the corre- 
sponding anions. The relative heights of the two waves depends on the 
equilibrium concentrations of the acid and anion and also on the rate of 
combination of hydrogen ions and anions. 

In the reduction of certain sugars (15), the rate of transformation from 
a nonreducible to a reducible tautomer must be considered. 

If the equilibrium concentration of the reducible species is very low 
and the rate of transformation is slow enough so that the kinetically con- 
trolled current is a small fraction of the diffusion-controlled current, it has 
been shown theoretically and experimentally (13, 15 to 21) that the kinetic 
current is proportional to the rate of growth of electrode surface. In terms of 
the capillary characteristics m and ¢, the rate of increase of the electrode area 
during the drop life is proportional to the quantity m?/%/3, For a given 
capillary, m is directly proportional to the height of the mercury column, 
while ¢ is inversely proportional to the height. Consequently the quantity 
m?!372/3, and hence the height of the kinetically controlled wave, is independent 
of the height of mercury column under these conditions. As the rate of the 
kinetic process increases, or as the equilibrium concentration of the more 
easily reduced form increases, the electrode process is gradually transformed 
into the ordinary diffusion-controlled one. Then the wave height becomes 
proportional to the quantity m?/%f'/°, which for a given capillary is proportion- 
al to the square root of the height of mercury column. 

Koutecky & Brdicka (18) have developed the mathematical diffusion 
theory for the general case of a weak acid HA which is more readily reducible 
than its anion. They expressed the rate of formation of the acid in terms of 
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an arbitrary number of proton doners and acceptors. A complex current- 
time behavior was predicted on the basis of the combined effects of diffusion 
rate and reaction rates in the vicinity of the electrode. 

They determined the ratio 7/i,,, where 7 is the height of the first wave and 
i, the total height of the diffusion-controlled wave, for phenylglyoxylic acid 
as a function of pH. The theoretical ratio 7/7, was calculated, neglecting the 
effect of all other buffer constituents than the hydrogen ion in determining 
the rate of formation of the free acid. The authors ascribed the lack of com- 
plete agreement between theory and experiment to the neglect of other pro- 
ton donors and acceptors in the buffer system. It should be pointed out that 
in the derivation, the effect of the growth of the mercury drops in determining 
the thickness of the diffusion layer was not taken into account. In view of 
the different time dependence of the two instantaneous currents involved, 
it would seem that the effect of the growth of the mercury drops would not 
necessarily cancel in calculating the time average ratio of the two currents. 

Koutecky & Brdicka (18) also used the equation to estimate that the 
reaction velocity constants for the combination of the anions of pyruvic 
and phenylglyoxylic acid with hydrogen ions must be of the order of 10° and 
10" sec.—! (moles per |.) respectively, again neglecting the effect of any other 
proton donors. Kolthoff & Liberti (25) have recently interpreted the polaro- 
graphic reduction of nitrosophenylhydroxylamine (cupferron) over a certain 
range of pH in terms of the kinetic mechanism proposed by Brdicka & Wies- 
ner (13) for pyruvic and phenylglyoxylic acids. 


OSCILLOGRAPHIC AND ALTERNATING CURRENT POLAROGRAPHY 


As early as 1938, Matheson & Nichols (26) described the application of 
an oscillographic method for polarographic current-voltage measurements. 
The most useful modification involved a synchronization of the drop rate 
with a linear voltage sweep of 30 c.p.s. Oscillographic traces which resembled 
ordinary polarographic current-voltage curves were observed. 

The oscillographic method did not enjoy widespread use because of sever- 
al inherent disadvantages, as compared toordinary polarographic techniques, 
namely, (a) relatively great charging currents brought about by the rapid 
increase of potential, (b) a lower degree of accuracy of current and potential 
measurements, (c) the necessity of using very rapid dropping rates to yield a 
stationary oscillographic trace, with the consequent disturbance of the diffu- 
sion layer, and (d) the interdependence of electrode potential and electrode 
area, which made it more difficult to compare wave heights of materials 
undergoing electrode reactions at various values of the electrode potential. 
However, it is significant that Matheson & Nichols recognized the theoretical 
importance of relatively rapid changes of electrode potential with regard 
to the rates of electrode processes. It is in this direction that a great deal of 
progress has been made in recent years. 

Another early application of an oscillographic technique was that of Miil- 
ler and co-workers (27), who superimposed a 60 cycle alternating voltage 
on an ordinary polarographic cell. The main contribution of this work was 








314 LAITINEN 


to provide a rapid and precise method of measurement of half-wave poten- 
tials, because only at the half-wave point was a symmetrical A.C. output 
observed. Boeke & van Suchtelen (28) and Prytz & Osterud (29) have de- 
scribed a modification of the technique based on a consideration of the phase 
angle between current and potential. 

Bon & Reboul (30, 31) have used an oscillographic technique to study 
current-time curves during the formation mercury drops. From the shapes of 
the current-time curves, a study of trace amounts of oxygen or of surface- 
active agents in solution could be made. The technique was used to deter- 
mine traces of zinc, tin, or lead in mercury. Similar current-time studies 
have been made by Wiesner (15) and by Bieber & Triimpler (20) in connec- 
tion with kinetic current phenomena, as well as by Brdicka (32) in a study of 
the kinetics of adsorption processes. 

The cathode ray oscillograph has been applied to studies of electrode 
polarization by Newberry et al. (33 to 36) and by Hutcheon & Winkler (37). 
It is beyond the scope of this review to discuss their results, or to mention 
work with oscillographs based on mechanical principles. Later work has fol- 
lowed several paths, differing in the type of alternating current signal 
applied to the electrolysis cell. Related types of measurement will be grouped 
together without regard to historical order of development among the various 
groups. 

A pplication of sine-wave input with zero direct current.—As early as 1903, 
Kriiger (38) showed theoretically that when an alternating potential is ap- 
plied to an electrode in equilibrium with the potential-determining substances 
(metal ion) and in the presence of an excess of indifferent electrolyte, the 
electrical behavior is equivalent to that of a capacitance and a conductance 
connected in parallel. The values of the equivalent conductance and capaci- 
tance was expressed in terms of the concentration and diffusion coefficient 
of the potential-determining substance and the frequency of the alternating 
potential. The equations are valid only for rapid electrode reactions. 

Frumkin, Dolin & Ershler (39) developed a theory for the behavior of a 
reversible hydrogen electrode under the influence of an alternating e.m.f., 
considering the effects of concentration polarization and the kinetics of a 
two-step electrode reaction involving the successive formation of atoms 
and molecules of hydrogen. 

Randles (40) and Ershler (41) have independently considered the effect 
of slow electrode reaction in the case of metal ion deposition. Randles intro- 
duced the rate constants of the two opposing reactions, and applied the dif- 
ferential equation for linear diffusion to derive an expression for the alter- 
nating current and voltage vectors and their phase angle. Using the electrical 
analogue of a capacitance and resistance in series, he showed that the resist- 
ance R should vary linearly with the reciprocal of the square root of the fre- 
quency w. The quantity (R—1/wC) should be independent of frequency 
and should be a measure of the rate constant &. At equilibrium, the two 
opposing reactions would proceed at equal rates, namely k moles per unit 
concentration per unit area of electrode surface. Using a dropping amalgam 
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electrode in a solution of the corresponding metal salt, Randles showed that 
the measured resistance had the expected relationship to the frequency and 
that the quantity (R—1/wC) was satisfactorily constant for the moderately 
rapid reactions (copper and zinc), but less nearly constant for the very 
rapid reactions (cadmium, thallium, and lead). For zinc ions in the pres- 
ence of nitrate, chloride, bromide, thiocyanate, and iodide the rate con- 
stant & increased in that order. For nickel and cobalt, much smaller rate 
constants were observed than for zinc, but again the rate of electrode reaction 
increased in solutions of bromide, thiocyanate, and iodide in that order. An 
interesting effect of gelatin and methyl red on the rate of the electrode reac- 
tion of cadmium amalgam was observed. Two discontinuous changes of 
rate constant with increasing gelatin concentration were found. 

Ershler (41) showed that mercury in a solution of mercurous perchlorate 
and perchloric acid behaves in accordance with Kriiger’s equations for rapid 
electrode reactions, up to a frequency of 5,000 c.p.s. The rate of electrode 
reaction of mercury in the presence of chloride was likewise very rapid. 

A pplication of sine-wave input with finite direct current—Grahame (42), 
in his study of the capacity of the electric double layer at a dropping mercury 
electrode, applied a 1,000-cycle alternating potential of 1 mv. or less, super- 
imposed upon various steady potentials, to the dropping electrode. He 
observed anomalous capacity effects (a pseudo capacity) in the vicinity of 
the polarographic half-wave potential of cadmium ion in sodium chloride 
as the supporting electrolyte. At potentials more positive than about —0.04 
v. (with respect to the potential of the electrocapillary maximum), practical- 
ly none of the cadmium ions in solution undergo reduction; at potentials 
more negative than —0.24 v., a practically complete state of concentration 
polarization is attained; while at intermediate potentials, only a part of the 
cadmium ions which reach the electrode surface are reduced. In this inter- 
mediate range, the capacity became anomalously large because of the reversi- 
ble reduction and reoxidation. At more negative potentials the capacity 
returned to its normal value because the anodic process could not occur dur- 
ing the positive half of the alternating current cycle. 

Irreversible electrode processes, such as the reduction of oxygen or of 
nitrate or hydrogen ions did not give rise to noticeable pseudo capacity ef- 
fects. The phenomenon was noted when using a solution of tetramethyl- 
ammonium chloride, no doubt because of the reversible formation of tetra- 
methylammonium amalgam. Similar results were obtained at negative 
potentials for sodium and potassium ions, corresponding to the formation of 
amalgams, and at positive potentials, corresponding to the anodic dissolution 
of mercury. : 

Breyer & Guttman (43) superimposed an alternating e.m.f. and a direct 
current voltage on a polarographic cell. The experiments differed from those 
of Randles (40) in that mercury was used rather than an amalgam and in 
that a finite direct current was passing during the alternating current meas- 
urements. They assumed that a current-voltage relationship of the type 


E = Ey + (RT/nF) \n |(ig — i)/i| 
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is obeyed during the cycle of alternation of the impressed A.C. voltage. This 
assumption has been criticized by Randles (44), Ershler (45), and others, who 
objected to the use of steady state concentration values for the instantaneous 
concentration variations during the alternating potential cycle. Breyer & 
Guttman (46), however, felt that the rapid attainment of a diffusion steady 
state is possible and, in fact, is shown by the early experiments of Matheson 
& Nichols (26) to which reference has been made above. It should be pointed 
out that a true steady state of diffusion is never attained during the polaro- 
graphic drop time, and that, therefore, a cyclic variation of potential cannot 
truly lead to a cyclic variation of surface concentration which is independent 
of time. Moreover, the effect of the alternating field upon the diffusion layer 
may not be entirely negligible. Glasstone & Reynolds (47) studied the influ- 
ence of an alternating current which was passed through a coil surrounding 
a polarized platinum wire microelectrode. The diffusion current was increased 
markedly by the passage of the alternating current. Oddly, the effect was 
independent of the frequency of the alternating current over a range of from 
0.1 to 2X10* c.p.s. but was determined primarily by the A.C. power im- 
pressed upon the coil. The increase in diffusion current was attributed to 
a mechanical disturbance of the diffusion layer. No doubt the effect would 
be much less important with the dropping electrode because of the smaller 
thickness of diffusion layer and the smaller magnitude of the A.C. power 
involved. However, the effect would be more nearly localized in the vicinity 
of the electrode and perhaps should be taken into consideration. 

Breyer & Guttman (43) defined the dynamic capacitance as the rate of 
change of charge with total applied potential (direct and alternating) and 
showed that this quantity should have a maximum value at the half-wave 
potential Ei,/2. Using the Ilkovic (2) equation, they expressed the maximum 
value of the dynamic capacitance in terms of the capillary constants, the 
concentration and diffusion coefficient of reducible material, and the ampli- 
tude and frequency of the alternating e.m.f. A quantity, d, which is a measure 
of the thickness of the layer in which the electrochemical process occurs, 
appears also in the equations. 

Experimentally, it was found that for certain reversible processes such 
as the discharge of zinc and cadmium ions and the reduction of 1-amino- 
phenazine, the expected maximum at the half-wave potential was observed. 
The height of the maximum, which should be proportional to concentration, 
was found to deviate somewhat from the expected linear relationship. The 
deviation was attributed to the series resistance of the circuit and the ordi- 
nary static capacity of the double layer. 

An especially significant observation was that no maxima were observed 
for substances which are irreversibly reduced. For example, the presence of 
oxygen gave rise to no significant changes in the alternating current. 

While it does not yet appear possible to calculate the magnitude of the 
dynamic capacitance maxima in a rigorous way, the technique appears to be 
of great potential value, especially in determining the presence or absence 














POLAROGRAPHY 317 


of reversible steps in complex electrode reactions and in estimating the rates 
of such reactions by variation of the frequency of the alternating e.m.f. 

Application of sine-wave or square-wave pulses—In 1943, Heyrovsky & 
Forejt (48) described an oscillographic apparatus for the application of a 
50 cycle sine-wave, or better a square wave pulse to a suitable microelectrode 
system. Starting at zero applied e.m.f., a negative potential was periodically 
applied to the microelectrode. The oscillographic trace corresponded to a 
plot of time as the horizontal axis against the potential as the vertical axis. 
Alternatively, the vertical axis could be made to correspond to the derivative 
of potential with respect to time, or the slope of the voltage time plot. 

Although the ordinary dropping mercury electrode could be used, 
especially in the determination of voltage-time traces, the variation of 
electrode area led to complications in the determination of the derivative 
curve which could be avoided by the use of an electrode of constant area. 
Since a constantly renewed electrode surface was desired, a streaming or jet 
mercury electrode was designed. The mercury stream, moving upward at 
an angle through a layer of solution and beyond the liquid-gas interface, 
provided an electrode with an area which could be varied by varying the 
distance between the tip of the capillary and the surface of the solution. 

The voltage-time trace proved to be useful in detecting the oscillographic 
reversibility of electrode reactions. A cathodic process such as the deposition 
of metal ions would yield a time lag or horizontal kink on the ascending 
branch of the oscillographic curve at a potential characteristic of the reduc- 
tion process. An oscillographically reversible process would yield a kink at 
the same potential on the descending branch of the trace, while an irreversible 
process would yield an anodic kink at a more positive potential or would 
yield no kink at all. With greatly increased frequency (10° c.p.s.), the kinks 
were extended to lines, to produce a polarographic spectrum (49). Heyrovsky 
(50) distinguished four groups of cations differing in their behavior: 

(a) Thallous, sodium, and potassium ions showed reversible behavior 
regardless of the nature of the electrolyte and whether adsorbable materials 
were present or not. Cuprous ions behaved nearly like thallous ions. 

(b) Lead and cadmium ions showed reversible behavior in all electrolytes. 
Adsorbed films, such as gelatin, however, interfered with the cathodic 
process. 

(c) Stannous, tin, bismuth, antimony (III), and indium were reversible 
in behavior in the presence of bromide or chloride but irreversible in other 
media. 

(d) Divalent.chromium, manganese, iron, cobalt, nickel, copper, and 
zinc were consistently irreversible, except that copper in chloride medium 
showed reversible behavior, no doubt because of the stability of the cuprous 
state. 

Heyrovsky suggested that all of the electrode reactions proceed through 
one-electron stages, involving dismutation reactions of unstable univalent 
ions in certain cases, e.g., zinc, to form atoms and divalent ions. If the dis- 
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mutation reaction is slow, the process is oscillographically irreversible, but 
if it is fast, e.g., for lead and cadmium, the process is oscillographically rever- 
sible. 

The effect of chloride or bromide to bring about reversible behavior 
for trivalent metals such as bismuth, antimony, and indium was pictured in 
terms of an electron transition through a deformed halide ion attached to the 
metal ion. Frumkin (51) has suggested that the effect may better be 
explained in terms of a change in the structure of the double layer brought 
about by anion adsorption at the mercury surface. 

Heyrovsky, Sorm & Forejt (52) also used the voltage-time curves to 
study capacity phenomena at the mercury-solution interface. The formation 
of an adsorbed film of nonreducible nonelectrolyte is accompanied by a 
decrease in the capacity of the double layer and the removal of the film by an 
increase in the capacity. The capacity changes caused kinks in the voltage- 
time curves at certain potentials which corresponded to potentials of ad- 
sorption and desorption. For example, using pyridine in alkaline solution, 
the pyridine was adsorbed at potentials more positive than —1.5 v. with 
respect to the saturated calomel electrode and desorbed at more negative 
potentials. The desorption process was found to be slower and more gradual 
than the adsorption process, which occurred at quite a definite potential. 
This potential was interpreted to be a break-down potential of a condenser 
containing oriented pyridine as a dielectric. Assuming that the charge 
density, and hence the potential (measured with respect to the electrocapil- 
lary zero), is proportional to the maximal surface concentration of pyridine, 
which in turn was related to the solution concentration by Langmuir’s 
isotherm, they were able to account for variations of the potential of ad- 
sorption with variations in pyridine concentration. 

They observed that while biplumbite ion in 1 N potassium hydroxide 
alone showed reversible cathodic and anodic behavior at —0.8v., the 
cathodic process was prevented in the presence of 1 per cent pyridine by the 
pyridine film so that lead did not deposit until —1.5 v. when the pyridine 
was desorbed. The anodic process, however, was not hindered. Even more 
remarkably, the deposition of thallous ions was not hindered by the film of 
pyridine. They also encountered a peculiar capacity effect in air-free aqueous 
electrolyte solutions containing no capillary active substances when the tip 
of the streaming electrode was raised to the point that only 1 to 2 mm. of 
solution was in contact with the mercury jet. It was postulated that this 
type of capacity effect could be attributed to a slowness in the rate of orienta- 
tion of water molecules in comparison with the short time of contact (less 
than 0.01 sec.) of the mercury surface with the solution. Further experimental 
work appears necessary before the behavior can be completely understood, 
because in the only published curve, sodium sulfite was used to remove oxy- 
gen, and it is not clear whether the effect is observed in the absence of sulfite. 

Bieber & Triimpler (53) applied the technique of Heyrovsky & Forejt 
to the dropping electrode and to the streaming electrode, but used a triangu- 
lar voltage pulse. Potential-time curves and derivative curves were deter- 
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mined for formaldehyde solution at various concentrations and pH values 
as a function of the frequency of the voltage pulse. For comparison, solutions 
of manganous chloride and ammoniacal zinc nitrate were also studied. 
With increasing frequency, the kinks in the potential-time curves became 
less distinct. However, with manganous ion the anodic kink was less persist- 
ent than the cathodic, while with formaldehyde the reverse was true. The re- 
sults were interpreted to indicate a reversible formation of an initial reduc- 
tion product of formaldehyde, followed by an irreversible transformation 
to a stable end product. 

The oscillographic derivative curves or plots of dE/dt versus t of Heyrov- 
sky et al. (50, 52) were primarily of use in quantitative determinations, 
where the change of area under the curve was proportional to concentration. 
In its present state of development, this method is considerably less accurate 
than ordinary polarographic measurements for the determination of con- 
centration. 

Kalousek (54) applied an alternating switch to a dropping mercury elec- 
trode to polarize to a more positive and to a more negative potential (with an 
interval of 60 to 400 mv.) at intervals of about 5 times per sec., while one of 
the applied potentials or both were varied continuously. The average current 
flowing during the pulsations was photographically recorded, to produce two 
current-voltage curves. If the potentials were such that a reduction proceeded 
at the more negative potential but not at the more positive, then an anodic 
process was observed at the more positive potential for a reversible process 
such as the deposition of sodium, potassium, ammonium, lead, cadmium, 
zinc, or cupric ions. Similar results were found for the ammonia or tartrate 
complexes of cadmium, lead, and cupric ions. On the other hand, the deposi- 
tion of nickel, zinc, or bismuth from tartrate solution was found to be 
irreversible, as were the reductions of iodate and bromate. 

Perhaps the most striking observation was that the first reduction wave 
of oxygen showed reversible behavior, while the second step was irreversible. 
The fact that no polarographic evidence exists for the oxidation of hydrogen 
peroxide must imply that the first reduction product of oxygen cannot be 
molecular hydrogen peroxide but an activated or ionic form which under- 
goes oxidation only for an instant after its formation. Yet the absence of A.C. 
response in the experiments of Grahame (42) and Breyer & Guttman (43) 
is difficult to reconcile with these findings unless the relatively slow and large 
voltage fluctuations are necessary for reversible behavior to be observed. 
The term reversibility is not used here in its usual thermodynamic sense 
because relatively large potential differences are involved. This technique 
deserves considerable further study in determining the time of persistence of 
unstable reaction products at the electrode. 

A pplication of linearly changing voltage pulses —The early work of Mathe- 
son & Nichols (26), using a synchronization of a rapidly dropping electrode 
with a linear voltage pulse has already been mentioned. Recent work has 
centered around the use of slowly dropping electrodes or stationary electrodes 
with rapid voltage pulses during only a small fraction of the growth period of 








320 LAITINEN 


a dropping electrode. The work of Bieber & Triimpler (53) on voltage- 
time studies with triangular voltage pulses has already been mentioned. 

Randles (55, 56) has derived equations for the current-time (or current- 
voltage) curves for rapid, reversible electrode reactions using a stationary 
electrode or a dropping electrode with a single linear voltage pulse. Sevcik 
(57) considered the case of cyclic, triangular voltage pulse as applied to the 
dropping electrode. 

If the electrode potential is increased linearly with time, a significant 
charging current is observed even in the absence of an electrolytic process. 
In addition, a rapid increase of current is observed when the reduction po- 
tential of a reducible substance is reached. As the half-wave potential is 
passed, concentration polarization begins to approach completeness, and the 
diffusion-limited current decreases with time. Consequently, a maximum or 
current peak is observed. 

Randles (58) designed a cathode ray polarograph with a synchronizing 
circuit to give exact control of the time lag between the fall of a mercury 
drop and the beginning of the linear voltage sweep. Airey (59) has discussed 
the apparatus and technique of Randles in comparison with ordinary polaro- 
graphic measurements for analytical purposes. Using a slow dropping rate, 
a voltage sweep rate of between 0.1 and 1.0 v. per sec. was applied during the 
last portion of the drop life when the change of electrode area is least signifi- 
cant. Experiments were also performed with stationary electrodes of plati- 
num or mercury, but the most reproducible and significant results were 
obtained with the dropping electrode. Comparisons were made between 
experimental current-voltage curves and theoretical curves derived assuming 
a reversible electrode reaction. 

In the derivation, it was assumed that the differential equation for linear 
diffusion to a plane surface can be applied to a spherical electrode if the dif- 
fusion layer is thin in comparison with the diameter of the electrode. This 
assumption can only be valid for very short time intervals because Mac- 
Gillavry & Rideal (60) have shown theoretically that at any time, ¢, the 
diffusion controlled current for a spherical electrode differs by a constant 
amount from the current at the corresponding time for a flat electrode of 
the same area with linearly restricted diffusion. Only at very small values 
of the time is the additive constant negligible. 

It might also be pointed out that the derivation is not valid for a solid 
metal plating on platinum because the activity of the solid metal would be 
constant at all times, whereas in the derivation, it was assumed that a vari- 
able concentration of reduced form exists at the electrode surface as governed 
by its diffusion rate. 

Using the dropping mercury electrode, Randles (56) showed that for 
thallous, lead, and cadmium ions in 1 M potassium chloride, the observed 
current-voltage curves agreed reasonably well with the theoretical ones. 
Rapid and reversible electrode reactions were clearly indicated in these cases. 
Some divergence from the theoretical behavior was noted for manganese, 
and a greater one for zinc. Marked deviations were observed for chromic, 
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cobaltous, and nickel ions in potassium chloride medium. For nickel no 
current peak at all was observed, but only a change of slope of the charging 
current line. However, in thiocyanate medium, the behavior of nickel was 
much more nearly reversible. 

These observations are entirely in agreement with the ordinary polaro- 
graphic behavior of the various ions. However, the method of Randles is 
much more delicate and informative than the interpretation of the slopes of 
ordinary polarographic waves. In a later note, Randles (61) described the 
reduction of trioxalato iron (III) and ferricyanide ions as being reversible 
and the reduction of trivalent iron, chromium, and vanadium as being 
irreversible. 

Another significant contribution of Randles (56) concerned a study of 
the variables which determine the magnitude of the current at its peak 
value. He derived an equation for the peak current i, (amperes): 


iy = [1.24FC,,/(0.0118"/2- 102) }y2/94,2/213/%q:1/2 U2 


where C,, is the molar concentration, y is proportional to the rate of flow 
of mercury (7 =3m/4d, where m is the mass rate of flow in g per sec. and d is 
the density of mercury), f, is the time (sec.) at which the peak occurs, m is 
the number of electrons involved per molecule or ion in the electrode reaction, 
a is the rate of change of potential (v. per sec.), and D is the diffusion co- 
efficient. The numerical constant was evaluated by a method of graphical 
integration. 

The factor n*/? arises from the fact that the current at any time is equal 
tonFAD(0C/0X)xn0 where F is the faraday and A is the area. The concentra- 
tion gradient, under conditions of linearly increasing potential, is proportion- 
al to n'/2, 

Randles (56) devised special experiments to check the proportionality 
between the magnitude of the separate factors n*/*, a'/?, C and the product 
¥'*t,?/3 which is proportional to the surface area of the drop, but which could 
be varied by separate variation of y and fy. 

For the reversible electrode reactions, a satisfactory agreement was 
found between the predicted and observed effects. Experiments with various 
capillaries showed that the peak current is determined only by the area of 
the drop at the time of the peak current and not by the rate of growth of the 
drop. 

A proportionality between the peak current and the concentration was 
demonstrated for lead, cadmium, zinc, and even for cobaltous ion which 
showed considerable deviation from reversible behavior. It is especially 
significant that ‘with increasing values of the rate of increase of potential, 
a, the ratio of the peak current to the square root of @ showed a definite 
decrease for cobaltous ion, whereas only a slight decrease was noted for 
thallous or cadmium ions. Inasmuch as these experiments were performed 
at relatively slow changes of potential, an extension of the measurements to 
high rates of change of potential would appear to be of great interest in the 
study of kinetics of relatively rapid electrode reactions. 
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In this connection, the work of Sevcik (57) is important, because he used 
a much higher rate of potential change (from 1 to 100 v. per sec.). The experi- 
mental approach differed also in that a voltage pulse in the form of an equi- 
lateral triangle was applied to a dropping mercury electrode. The potential 
of the dropping electrode varied linearly with time to a certain maximal value 
and then decreased again at the same rate. A current peak of the same type 
as that observed by Randles was observed oscillographically during the in- 
crease of potential, and an anodic peak was produced upon reversal of the 
potential. 

Sevcik (57) derived an equation for the peak current which is similar to 
that of Randles (56) except for the numerical constant. He considered first 
the current-time (or current-voltage) curve for a single voltage cycle with 
an electrode of constant area. Then the effect of repeated voltage cycles with 
constant area was considered. It was shown that on the first cathodic part 
of the voltage cycle, a certain amount of the original oxidized material is 
transformed to reduced material, of which a part is lost by diffusion and a 
part is reoxidized on the anodic phase of the cycle. With succeeding cycles, 
a convergence occurs so that at the fiftieth cycle, about 94 per cent of the 
amount reduced is reoxidized and the rest is lost through diffusion. 

The effect of the repeated voltage cycles on the oscillogram is to incline 
and shift the zero current line in correspondence to the net cathodic current 
which must flow to compensate for the loss of reduced form by diffusion. 
It was shown that after 15 cycles, the whole oscillographic curve should be 
practically closed. The effect of the growth of the mercury drops is to expand 
the oscillographic trace correspondingly as the area is increased. To achieve 
significant readings, the current-voltage curve was registered immediately 
before the fall of a mercury drop. 

The height of the peak current was shown to be proportional to concentra- 
tion for biplumbite ion in 1M potassium hydroxide, cadmium in a supporting 
electrolyte, 11 in ammonia and 1M in ammonium chloride, and thallous 
ions in 1 M potassium hydroxide. The proportionality held to concentrations 
of the order of 10~* M, although it was necessary to compensate the charging 
current at very low concentrations. These ions, according to the technique of 
Heyrovsky (50) most nearly approach reversible behavior. A linear relation- 
ship was shown to hold for the same ions between the magnitude of the peak 
current and the square root of the frequency over the range of 1 to 100 v. per 
sec. 

The deposition of zinc from ammoniacal medium, which according to 
Heyrovsky (50) is irreversible, showed a difference of 216 mv. between the 
cathodic and anodic half-wave potentials. This observation is not unex- 
pected, but strangely the difference was found to be independent of the rate 
of change of potential over the range of 1 to 100 v. per sec. The change in 
shape of the curves was not described in detail. 

A decrease in rate of deposition of certain ions in the presence of gelatin 
was observed, in agreement with similar effects described by Heyrovsky (50) 
and by Randles (40). No effect was noted for thallous ion, but a distinct re- 
tarding effect was observed for both the cathodic and anodic processes with 
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cadmium ions. With indium in hydrochloric acid solutions, gelatin had a 
pronounced retarding effect on the cathodic process, but not on the anodic 
process. 

Formaldehyde, which gives the kinetic currents described in an earlier 
section of this paper, was found not to give a maximum but rather a flat 
limiting current. Likewise, phenylglyoxylic acid showed a cathodic maximum 
but no anodic current. The height of the maximum did not increase with the 
square root of the frequency, but approached a constant value at increasing 
frequency. In fact, the maximum in certain cases depended inversely on the 
frequency because the height of the maximum was found to depend on the 
ratio of the time during which reduction took place to the time during which 
there is no reduction. Thus, if the initial voltage was at the reduction po- 
tential, the maximum was quite small and decreased with increasing fre- 
quency. 

The technique of Sevcik appears to be of particular interest in the study 
of the relative rates of two opposing electrode reactions. It should be espe- 
cially useful in the study of electrode reactions which are suspected to proceed 
reversibly through an unstable intermediate to give a stable product which 
would show no reverse reaction. 
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THE EFFECT OF OXYGEN ON THE PHYSICAL 
AND CHEMICAL PROPERTIES OF POLYMERS! 


By HERMAN F. MARK AND ROBERT B. MESROBIAN 


Institute of Polymer Research, Polytechnic Institute of Brooklyn, 
Brooklyn 2, New York 


INTRODUCTION 


The degradation of polymeric materials by heat, light, and oxygen has 
been the subject of considerable and extensive research. At first sight, the 
study of this problem appears to be a rather unpleasant task. The isolation 
of exact chemical species is, in most cases, impossible, and the determination 
of functional groups that form during oxidation is most difficult. It has 
nevertheless been well established that during the oxidative degradation or 
aging of rubber hydrocarbons, plastics, and fibers, profound physical, as 
well as important chemical changes occur. Specification of the physical 
changes has in the past been largely confined to standard engineering tests 
such as measurements of the changes in tensile strength and elongation at 
break of the polymer after oven or oxygen bomb aging. 

Present day knowledge concerning the details of the oxidative degrada- 
tion of polymeric hydrocarbons is in principle based on the following sources: 
(a) general experience of the behavior of small organic molecules which can 
serve as model substances, (b) studies of the kinetics of oxygen absorption 
and of the other phenomena accompanying oxidative degradation, (c) 
chemical analysis of the polymer during degradation, and (d) physical 
analysis of the polymer during degradation. 

From data accumulated by the above methods, certain new facts have 
been discovered and new ideas have been set forth which make it possible to 
treat the subject of the oxidative degradation of polymers from a more or 
less unified point of view. Since from a purely chemical point of view, many 
recent ideas arising from studies on the oxidation of low molecular weight 
hydrocarbons apply equally well to polymeric oxidative degradation, let us 
first proceed to consider this aspect, then consider the problem as it arises 
with polymeric materials, and finally discuss some possible applications of 
the observed new facts. 


NEw IpEAs ARISING FROM STUDIES ON Low MOLECULAR 
WEIGHT HYDROCARBONS 


Recent chemical research in the field of hydrocarbon oxidation has 
demonstrated that hydroperoxides appear as one of the first products of 
reaction (1 to 14). Kinetic studies have shown that subsequent oxidation of 
the parent hydrocarbon is autocatalyzed by the decomposition of hydro- 
peroxides which produces radical chain carriers for the chain reaction (9, 10, 


1 This review covers approximately the period from 1946 to 1950, 
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15 to 21). The decomposition of hydroperoxides also leads to the formation 
of secondary oxidation products such as ketones, aldehydes, acids, alcohols, 
water, carbon dioxide, etc. (13). In regard to the nature of the peroxidic 
component first formed in the initial stages of oxidation, the main sources 
of information have been studies on such hydrocarbons as cyclohexene 
(2, 4, 5, 6), ethyl linoleate (15, 16), and tetralin (1, 3, 10, 17, 19, 20, 21). 
Until around 1939, it was presumed that the oxidation of an olefin such as 
cyclohexene resulted in the formation of the peroxidic saturated product (I). 
More exhaustive researches by Criegee, Pilz & Flygare (4), Hock (2) andina 
very complete way by Farmer and co-workers (5 to 8) have demonstrated 
that the product formed is a hydroperoxide (I1) in which the double bond 
remains intact. 


CH Cc 
me — me : 
H.C. HC——O 
Nh Ma 6-00 
I 0 


It appears that the formation of the hydroperoxide arises from a series 
of chain reactions involving free radicals of the following general type: 








-CH2-CH=CH- = 5 _-CH-CH=CH- 
a 
(b) +09 
~CH-CH=CH- + -CH-CH=CH- ¢ ——— ooe- 
c 
OOH 00: 


Once the hydrocarbon radical has been formed in step (a), the sequence of 
reactions (b) and (c) may recur many times before the chain repeating cycle 
is interrupted by termination reactions. The concept of a-methylenic reac- 
tivity emphasized by Farmer (6, 8) is a very convenient way to explain the 
influence of the double bond (and other groupings as well) toward facilitating 
the ease of step (c) wherein a hydrogen atom is donated from the meth- 
ylene group (alpha to the double bond) to the peroxy radical with the 
subsequent formation of the hydroperoxide. 

Kinetics of autoxidative reactions —Although many interesting attempts 
have been made to interpret the kinetics of oxygen absorption of various 
hydrocarbons including rubber, the most comprehensive studies appear to 
be those reported by Bolland & Gee (15, 16). Their work was confined 
specifically to small chain molecules. They found that the rate of oxygen 
absorption of ethyl linoleate could be expressed thus: 


— d[O.]/dt = Ka{[RH][ROOH]¢(?) III 


where 
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1/¢(p) = 1 + ARH]/p 


and 


H 
[RH] = the ethyl linoleate—C—C—-C—C—C—concentration ; 


the H in question represents the point of easiest detachment due to the 
presence of double bonds in the a-methylenic position 


[ROOH] =the concentration of hydroperoxide 
p=the constant pressure of oxygen 
\, Ka=empirical constants 


As may be seen, the rate of oxygen absorption is independent of the oxygen 
pressure at high pressure, but becomes first order with respect to oxygen 
pressure at low pressure. 

Bolland & Gee explained their results by means of the following kinetic 
scheme (a chain reaction involving the ethyl linoleate radical R- ): 


K 

Chain initiation 2ROOH—~>R- IVa 
K 

Propagation R- + 0.—~ RO: IVb 
K 

RO;- + RH —» ROOH + R- IVc 
K 

Termination R- +R-—>R-—-R IVd 
Ks 

RO,- +R- —»+ROR IVe 
K 

RO,- + RO,- —» ROR + Oz. IVf 


When the oxygen pressure is low (less than 40 mm.), the last two equations 
(III e, III f) may be neglected as termination steps. Solving the equations by 
the steady-state method: 


— d{O.]/dt = K2(K1, K,)'/*{]ROOH][O.]. V 
If pis large, the first two termination equations may be neglected. Then: 
— d[O.]/dt = K3(Ki/Ke)'/*]ROOH][RH]. VI 


In this treatment, it is assumed that sufficient hydroperoxide has been 
built up so that the rate-controlling initiation step is decomposition of the 
hydroperoxide into radicals. At the very early stages of oxidation, the rate- 
controlling chain initiation step may be the formation of radicals by the 
direct attack of molecular oxygen on the ethyl linoleate either additively at 
the double bond or at the a-methylenic carbon atom. Either mode of attack 
has been calculated (16) to be thermochemically equivalent. 

The decomposition of the hydroperoxide was studied separately and 
found to be bimolecular. The energy of activation of the rate constant, K,, 
was found to be 26 kcal. By reasonable consideration, limits could be found 
for the activation energies of all the steps. For example, E2 was shown to be 
approximately zero and E;, approximately 4.5 kcal. In more recent work, 
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Bateman & Gee (22) have measured the average lifetime required for 
completion of the cycle of propagation processes in the oxidation chain by 
use of the rotating sector technique in photoactivated oxidation experi- 
ments. In this way, the rate constants for all the steps in the high oxygen 
pressure reaction could be calculated not only for ethyl linoleate but for a 
number of hydrocarbons (23). This excellent work on the oxidation of ethyl 
linoleate may well serve as a prototype of many more investigations of small 
and large molecules. 

The phenomenon of limiting steady rates of autoxidation.—In the studies 
of Bolland & Gee on ethyl linoleate oxidation, under their mild conditions 
of oxidation, nearly every molecule of oxygen absorbed by the hydrocarbon 
could be identified as hydroperoxide, i.e., 


— d{O.)/d¢t = + d[ROOH]/dt = K,[RO,-][RH] = K3(Ki/Ke)'/*[ROOH)[RH]. VII 


It is convenient to modify equation VII to account for results obtained 
(24) under relatively severe oxidation conditions (high temperatures, pres- 
ence of activators, strong light intensities, long times). If in writing the 
equation for the rate of change of hydroperoxide concentration with time 
based on mechanism IV (at high oxygen pressure), the disappearance of 
hydroperoxide due to step IVa is included, then 


d{[ROOH])/dt = K;{RO;-][RH] — K:{[ROOH]?. VIII 


This equation may be integrated after inclusion of the proper terms for 
[RO:2-], and assuming [RH] to be constant to give 


[ROOH]. 
1 — (1 — BOOB) 
[ROOH]> 
where [ROOH],, is the steady state concentration of hydroperoxide (the 


value approached at time= ~), and [ROOH]p» is the initial concentration of 
hydroperoxide, and where 


[ROOH] = 





K,{RH]) 
ROOH]. = ——--— ; = K3(K,/Ks)"/{RH]. x 
[ ] (KiKe)"2 a 3(Ki/Ke)*/?[ ] 
From equation IX it appears that the value of [ROOH], during thermal 
autoxidation is a function of temperature and the concentration of hydro- 
carbon alone. Upon integration of equation VI, there is obtained for the 
total amount of oxygen absorbed as a function of time 


tC inoom "|, 


[=a | 





— [O.] = [ROOH]..a¢ + [ROOH].. la 
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which when {> approaches the limiting value 


[ROOH]).. 


— [O.] = [ROOH]..a¢ + [ROOH],. In TROOH]. ° XII 


The chain length v at any time during the oxidation may be defined as the 
rate of oxidation divided by the rate of initiation: 
K;{ROz- ][RH] " K;3(K,/Ke)'/*]ROOH][RH] - [ROOH].. 


2 ———————— = = ————— XIII 
K,{ROOH]? K,{ROOH}? ([ROOH] 





From equation XIII, it is clear that when the steady state concentration 
of hydroperoxide has been reached, the chain length of the reaction is unity, 
even though the chain length may have been very large during the initial 
or mild stages of autoxidation. At the point where v is unity, the propagation 
step [Vc in the chain reaction proceeds at the same rate as the initiation step 
and the rate of oxidation approaches a maximum value. If the velocity of the 
oxidation is equal to—d[O.]/dt = K3[ROz2-][RH], then the limiting maximum 
rate of oxidation (when the hydroperoxide has reached its limiting con- 
centration) is: 

{[— d[O.]/dé]. = Ks?{RH]?/Ke. XIV 


Activated autoxidation reactions —Autoxidations of the type represented 
by equations IV can be activated with such agencies as light, heavy metal 
ions, and possibly surface effects. Activation occurs through acceleration of 
the velocity of the initial step, i.e., by increasing the rate of decomposition of 
hydroperoxide: 


eu 


K 
ROOH + Act —-— R-. IVa’ 


It may be shown that the equation for the limiting, maximum rate of autoxi- 
dation in this case is also identical with the equation XIV derived for the 
thermal reaction. On the other hand, the steady state concentration of 
hydroperoxide for an activated autoxidation with initiation by step IVa’ is 


{ROOH]..’ = K3?[RH]?/K,’KelAct] XV 


which is different from the steady state concentration of hydroperoxide in 
the thermal autoxidation represented by equation X. 

Although the kinetic treatments presented here have been derived from 
mechanisms involving the oxidation of small hydrocarbons, it appears that 
the general aspects of the autoxidation scheme of reactions may also have a 
bearing on the oxidation of polymeric hydrocarbons as will be next seen. 


PHYSICAL AND CHEMICAL CHANGES IN POLYMERS DURING OXIDATION 


The important changes in physical properties of polymers during oxida- 
tive degradation are mainly the result of concurrent aggregative processes 
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(further polymerization, branching, crosslinking, cyclization) and disag- 
gregative processes (scission, depolymerization). For simplicity we shall 
refer to these processes as crosslinking and scission. If during oxidative 
deterioration of polymers, the crosslinking reactions are more preponderant 
than the scission reactions, then the material will harden and become in- 
soluble. Under reverse conditions, the polymer will become soft and tacky. 
Among the various aggregative and disaggregative processes that have been 
proposed (25 to 28) which influence the physical and mechanical properties 
of polymers during aging, several will be considered. 
A ggregative reactions.— 
R-+R:->R-R 
RO:- + R- — ROOR 
RO,- + RO.- — ROOR + O: 
Dy 
R- + —CH=CH— — R—C—C— 


ye 
RO»: + —CH=CH=— ROOC—C— 


Under the proper controlled conditions the above reactions are the basis 
for radical polymerizations, vulcanizations, polyperoxide (29) formations, 
and the like. It also follows, however, that these same reactions are the basis 
for the heat hardening of many rubbers including Buna-S, Buna-N, and 
Neoprene. 

Disaggregative reactions ——At high temperatures and preferably in the 
absence of oxygen, various polymers such as natural rubber, polystyrene, 
and methyl methacrylate depolymerize very efficiently to form monomer. 
The mechanism for this reaction appears to be a chain reaction of an inverse 
character to the polymerization process and is quite similar to the mecha- 
nisms ascribed to the pyrolysis of hydrocarbons: 


— CH,CHX CH,CHX CH:CX CH.CHX CH:CHX— > 
—CH.CHXCHeCHX: + CX=—CH.CHXCH,CHX— 
| ———— —CH;,CHX: + CH:—CHX 
These reactions have been quite recently studied in detail by Melville & 
Grassie (30) and by Jellinek (31). 

A number of other scission reactions may occur that involve oxygen 
directly and which are believed to occur at temperatures below those en- 
countered in thermal pyrolysis: 

—CH,CHX CH,CHXOOCH2CHXCH.CHX— — 
—CH:CHXCH2CHXO- + -OCH:;CHXCH,CHX— 
—CH.CHXCH:: + CHXO «— |__.cH,0 + -CHXCH,CHX— 
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—CH;CHXCH;CHXCH:—CX(0-)CH:CHXCH:;CHX— — 
—CH,CHXCH:CHXCH:: + CXOCH:CHXCH,CHX— 


Also, according to Medvedev & Zeitlin (32), the radical RO2- may undergo 
self-dismutation 


—CH:CHXCH:CHXCH:CHX0O0: — 
—CH:,CHXCH:CHX: + CH;:0 + CHXO 


Such self-dismutation reaction may also conceivably occur not only at the 
end but along the polymer chain. 

Recent attempts to study the scission and crosslinking reactions in 
polymers have employed the following physical methods: 

(a) The separation of the scission reaction from the crosslinking reac- 
tion by following the molecular weight decrease of a polymer in dilute 
solution under such conditions that the chains are spaced sufficiently far 
apart so that aggregative reactions are suppressed (25, 33, 34). The main 
difficulty with this method is to find a completely inert solvent. The tech- 
nique of keeping the molecules far apart in solvents has been put to practical 
use by employing swelling oils during the reclaiming of those synthetic rub- 
bers which tend to harden during oxidative degradation in the unswollen 
state but which may be effectively broken down in the swollen state. 

(6) The net effect of the scission and crosslinking processes can be 
evaluated to some extent by measuring the change in molecular weight of 
the solid polymer during oxidative degradation. If the aged polymer remains 
soluble (no appreciable crosslinking), the changes in molecular weight that 
occur may be evaluated by viscosity or osmotic pressure measurements, 
whereas if the aged polymer becomes insoluble, the extent of crosslinking 
may be evaluated from sol-gel measurements and from the swelling index 
of the gel. 

(c) For measurement of the scission reaction in vulcanized rubbers, the 
technique of following the relaxation of stress at constant elongation (35, 36) 
can be very effectively used. Also, by periodic measurement of the modulus 
of the rubber during its exposure to oxygen at elevated temperatures, the net 
effect of scission and crosslinking can be measured. The interpretation (37) 
of permanent set in rubbers maintained at constant length at elevated 
temperatures (75° to 150°C.) on the basis of the scission and crosslinking 
reactions well demonstrates the manner in which these two processes alter 
the structure and mechanical properties of the polymer. 

Oxygen absorption and chain scission in rubbers.—Since the absorption of 
oxygen is generally accepted to cause the important changes in mechanical 
properties of polymers during aging, it is pertinent to consider the relation- 
ship between oxygen absorption and chain scission. In order to first specify 
this relationship, it is necessary to know the rate of oxygen absorption for a 
given rubber (measured volumetrically) and the rate of chain cleavage 








332 MARK AND MESROBIAN 


(measured by relaxation of stress or by viscosity changes of dilute solutions). 
Considering first the oxygen absorption problem, it has been noted (24) 
that for the oxidation of natural rubber vulcanizate at 50°C., long times are 
required before the autocatalytic rate of oxidation approaches a linear rate. 
At higher temperatures (120°C.) a steady rate of oxidation is observed from 
the beginning of reaction. Also, the presence of an activator such as light 
accelerates the rate of approach to a steady rate of oxidation provided the 
temperature of oxidation is sufficiently low so that autoxidation is observed 
during the unactivated reaction. With increasing temperature, the effect 
of photoactivation upon natural rubber oxidation becomes progressively 
less pronounced, and at 120°C. the steady rate of photoactivated oxidation 
is almost identical with the purely thermal rate. It was concluded that at a 
given temperature, there exists a steady rate of oxidation which is also a 
maximum rate of oxidation. In addition, this maximum steady rate of oxida- 
tion is unchanged by the presence of activators, since the latter merely 
serve to accelerate the rate of approach to a maximum, steady rate. These 
conclusions are in accordance with the derived equations XI to XIII. 

For the same rubber, it was also noted (24) that the rates of chain scission 
as measured by the relaxation of stress method patterned the rates of oxy- 
gen absorption as regards temperature and photoactivation effects. In order 
to calculate the rates of chain scission from the relaxation of stress, use was 
made of the equation: 


q = — (1/M.) In (f/fo) XVI 


where g=moles of cuts per gm. rubber, M,.=molecular weight between 
crosslinks of the rubber obtained from the equation of state for rubber 
elasticity (38), and f/fo=the ratio of stress at any time of measurement 
divided by the initial stress of the sample. 

Upon comparing data on the relationship between moles of oxygen 
absorbed and moles of chain cleavages, it was found that for a wide variety 
of polymers, the ratio of oxygen absorbed to chain cleavages is close to unity 
whenever a steady limiting rate of oxidation was observed. Under conditions 
of autoxidation (low temperatures, absence of light, etc.), up to 30 times more 
oxygen is absorbed than results in chain cleavage. In other studies of this 
type, Farmer & Sundralingham (39) have noted a molar ratio of oxygen 
absorbed to chain cuts as high as 75 in the photoxidation of rubber in solu- 
tion at 35°C. In this case, the extent of scission was evaluated viscosimetri- 
cally. 

Although a great deal remains to be known about the mechanism of the 
oxygen-induced scission reaction in rubber, the results that have been de- 
scribed above should serve to restrict the number of possible reactions. 
Much speculation has been presented to suggest that cleavage reactions 
accompany hydroperoxide and peroxide decompositions. George & Walsh 
(40), for example, postulate a very important mechanism for the decomposi- 





PROPERTIES OF POLYMERS 333 


tion of a tertiary hydroperoxide by interpretation of the products formed 
from the oxidation of 1,3-dimethyl-cyclopentane. 


CH3 H3 CH3 
OOH O° 
O2 
ocr 4 —aaamee) ee 
HC HC HC 
(RH) (ROOH) (RO*) 
os CHs 
C=0 c-0 
CHo: CH 
| | . RH 3 
—, = 
H3C H3C 
R:') 
As regards the fate of the alkoxy radical (RO-) the competition between 


chain cleavage XVIIb with subsequent loss of structure and radical chain 
transfer XVIIc has been studied in detail by Raley, Vaughan & Rust (41) 
for di-t-alkyl peroxide decompositions: 


R;COOR; — R;CO- XVIIa 
R;CO: — R,C=0 + R- XVIIb 
R;CO-: + SH — R;COH + S- XVIIc 


where SH is a solvent containing a detachable hydrogen atom. 


APPLICATIONS OF THE DEGRADATIVE REACTIONS 


From the point of view of maintaining unchanged the physical and 
mechanical properties of polymeric hydrocarbons, the various degradative 
processes that have been considered are certainly not desirable. Much work 
(25 to 28, 42) is still in progress to develop means to retard degradation by 
use of various chemical agents, antioxidants, inhibitors, and light stabilizers. 
The mechanism of inhibition of these reactions is being studied in detail by 
Bolland & Ten Have (43) for the oxidation of ethyl linoleate. 

Studies (25) have also been described on the effect of the chemical struc- 
ture of polymers on their relative susceptibility to oxidative degradation. 
It is interesting.to note that the presumably inert polythene is markedly 
subject to rapid autoxidation. Modification of the linear paraffinic chain 
by introduction of carbon to carbon double bonds (e.g. polybutadiene) 
or methyl groups (polyisobutylene) appears to accelerate the rate of oxida- 
tion whereas the introduction of most other types of groups appears to re- 
press the oxidation rate relative to polyethylene. 
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It does not always follow that the oxidative deterioration of polymers 
is an entirely undesirable feature. For example, the ease of breakdown of a 
polymer by milling or by heat softening is an important factor in its process- 
ability and production cost. It is also possible that the molecular weight 
distribution of polymers may be controllably modified by simultaneous 
polymerization and degradation (34). In addition various new compounds 
have been reported (44) to be formed by the crosslinking of saturated polyester 
rubbers with benzoyl peroxide followed by hydrolysis of the crosslinked 
product. Another useful role of the degradative reactions is in the prepara- 
tion of novel monomers by chemical treatment (chlorination, sulfation, etc.) 
of common polymers followed by depolymerization at high temperatures 
(45). 

As the mechanisms of the processes considered here become more fully 
elucidated, it seems certain to expect that these reactions can be put to many 
additional useful purposes. In this respect the suggestions (46) that many 
terpenes and terpenoids are formed by the degradation of transpolyisoprene 
either in vivo or in vitro has far reaching possibilities. 


CeOenNnaunr WN 
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COPOLY MERIZATION? 


By HERMAN F. MARK AND TURNER ALFREY, JR. 


Institute of Polymer Research, Polytechnic Institute of Brooklyn, 
Brooklyn, New York 


Introduction.—The tendency of many unsaturated organic compounds to 
form chain polymers is well known. While this polymerization reaction is by 
no means limited to vinyl compounds (vinylidene compounds, dienes, etc., 
also polymerize), the term vinyl polymerization will be used as a generic 
expression in certain parts of the discussion. When more than one monomeric 
material is present, the reaction is called copolymerization, and the resulting 
product is called a copolymer. 

Vinyl polymerization is a chain reaction consisting of at least three steps: 
(a) chain initiation or activation, (b) propagation, or growth, and (c) chain 
termination. In the cases of thermal and peroxide-catalyzed polymerization, 
the activation step involves the formation of a free radical, and the propaga- 
tion step consists of the addition of a monomer molecule to the growing chain 
without loss of the free radical activity. 


H H 
SUCH C: + CH, = CHK — > “VYVUCH,CHXCH,C: 
x x 


On the other hand, when catalysts such as boron trifluoride are used, the 
reaction proceeds by an ionic mechanism. The latter type of polymerization 
will be considered separately, although many of the generalizations de- 
veloped here should apply to ionic as well as free radical polymerization. 

The complete kinetic analysis of a vinyl polymerization reaction is rather 
involved. There are a number of different possible mechanisms for both the 
initiation and the termination steps. Furthermore, such additional processes 
as chain transfer may occur under certain conditions. If more than one 
monomer is participating in the reaction, the problem obviously becomes still 
more difficult. 

Fortunately, a considerable amount of information concerning copoly- 
merization can be derived from consideration only of the propagation step of 
the reaction. The rate of copolymerization and the molecular weight distribu- 
tion of the resulting copolymer depend, of course, upon the rates of initiation 
and termination as well as of propagation. The chemical composition of the 
copolymer, however, is determined almost entirely by the competition among 
the various propagation reactions. From a practical standpoint, this means 
that there is a simple equation (the copolymer composition equation) which 
relates the composition of a copolymer to that of the monomer mixture from 
which it is formed. From a more fundamental standpoint, this relationship 
makes possible the quantitative study of the propagation step of polymeriza- 
tion. 


1 This review covers approximately the period from 1940 to 1950. 
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The copolymer composition equation (3, 8, 20a, 23, 24).— 
dM,/dM, = Mi(nM, + M:2)/M2(r2Me a M;). 


Consider the two vinyl monomers M, and Mz. Four propagation rate 
constants govern the growth of active polymer chains. These four reactions 
are summarized in Table I. The symbols M,* and M,* refer to the concentra- 
tion of active chain ends of the types MM, and M2. 

In the steady state of copolymerization, ky24/,* Mz= ko M2* My. This indi- 
cates that in the steady state, the rate of reaction of polymers ending in M, 
with monomer M, must be equal to the rate of reaction of polymers ending 
in Mz with monomer ,. It is now possible to express M,* in terms of M,*, 








TABLE I 
Growing Monomer Rate of Reaction 
chain adding process product 
~~ M;* M, kir(.M,*)(Mi) ~~ M* 
M2 Ryo(M,*)(M2) nM, M:* 
~~ M* M, ku (M]2*) (Mi) ~~ M.M;* 





M2 koo(M2*) (Me) ~~ i1M* 





although this approach cannot yield absolute values for M,* and M,*: 
(M2*) = (Ri2/ko1) (M2/M,)(M,*). 


The rate of consumption of monomer M, is given by Equation II: 


— dM,/dt = ku(M,*) Mi + ka(M2*) Mi. Il 
Similarly, the rate of addition of M: to the polymer is 
— dM2/dt = ki2(M,*) Me + keo(M2*) Me. Ill 


Finally, the ratio between the rate of addition of M2 and the rate of addition 
of M; is given by: 


dMy/dM2 = [ku(Mi*) Mi + ken(Ma*) Mi J/[hia(Ma*) Mo + keo(M2*) M2] IV 
Let us introduce the new variables 7; and fo. 
mn = ku/ki2 
ro = koo/ ka. 
Equation IV can be rewritten in terms of 7; and rz. 
dM, /dM2 = My(r:My + M2)/Mo(r2M2 + Mi). Vv 
The ratio of the rates of addition of the two monomers is, of course, also 
an expression for the ratio of those two monomers in the resulting polymer. 
m/m2 = M,(r1M, + M2)/M2(r2M2 + Mi). VI 


It is clear that the initial polymer, in general, does not possess the same 
composition as the monomer mixture but is relatively richer in one compo- 
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nent than in the other. The more reactive monomer is thus used up more 
rapidly, leaving the monomer mixture relatively poorer in this component. 
It follows necessarily that the last polymer to be formed is relatively richer 
in the less reactive constituent. The over-all polymerization product, thus, is 
a mixture of copolymer molecules of different chemical constitution. 

Distribution of monomer sequences (3).—Equation VI gives the over-all 
molar composition of the copolymer molecules which form in a given mon- 
omer mixture. It is possible, however, to deduce a much more detailed 
picture of the copolymer structure from the rate constant ratios 7; and r2. Let 
us designate each group of successive M, units in the copolymer as a sequence 
of M, units. Each M, sequence is bounded on both ends by a sequence of M2 
units. The copolymer molecule consists of an alternating series of M, and M2 
sequences. 

Depending on the relative values of the propagation rate constants, M,; 
and MM, sequences of varying sizes will be found in the polymer. When the 
rate constants ky, and kg are large as compared to the rate constants iz and 
ko, one can expect to find long sequences of M,’s followed by long sequences 
of M.'s; whereas, if the relative values of these rate constants are reversed, 
then the polymer will contain short groups of M,’s followed by short groups 
of M?s. 

By defining four probabilities Py, Pi2, Pa, P22 for the probabilities of a 
monomer of the type M, adding to a chain ending in M,*, a monomer ofthe 
type M, adding to a chain ending in M,*, a monomer of the type M, adding 
to a chain ending in M,*, and a monomer of the type M2 adding to a chain 
ending in M;*, it is easy to calculate the distribution of lengths of M, and 
Mz sequences. To a chain ending in M,*, only one of two things can happen: 
(a) a monomer M, or (b) a monomer M2 can add; therefore, the probability 
P,, will be the rate of addition of M, over the rate of addition of M, plus the 
rate of Mo, etc. 


Py = (kiuM)/(kiuMi + fi2M2) = (11Mi)/(r:Mi + Me) VII 
Pr. = (Ri2M2)/(kuMi + hiz2M2) = Meo/(rniMi + Me) Vill 
Po = (koM,)/(RaMi + koeMe) = Mi/(Mi + r2M2) Ix 
Px = (kooM2)/(kaMi + k»M2) = (r2M2)/(Mi + 7r2M2). x 


The distribution of sequence lengths (m:) of M,i’s and (m2) of Me's can be 
determined by the following consideration: To the first constituent Mj, of a 
group of M,’s picked at random, the addition reaction ky (M,*) (M1), whose 
probability is Pi, has had to be repeated (n—1) times to yield a group of 
nM,'s. The probability of these (n—1) consecutive additions is (Pi). 
This sequence of reactions must then be followed by the addition of M2, 
which has the probability Pi. The probability that a group of M,’s picked 
at random contains m, members is thus: 


N(m) = Py - Py). XI 


This is also the number distribution function for the lengths of M, sequences. 
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Similarly, the number distribution function for sequences of M2’s is given 
by: 


N(n2) = P-Y(1 — Px) XII 


where N(n2) represents the fraction of all Mz sequences which possess m2 
members. 

The average length of the M, sequences must, of course, bear a very sim- 
ple relationship to the average length of the M2 sequences since there will be 
(neglecting end sequences) just as many M, sequences as M2 sequences in 
the copolymer. If 7, and 7%2 are the number average lengths of M, and MM, 
sequences, respectively, and 1,/M, is the number ratio of M,’s to M»’s in 
the molecule, then 7; and 7% are related by the expression: 


n/N» = M,/M;2 XIII 


These M, and M2 sequences are strung together in a random order in the 
copolymer molecule. In other words, the detailed structures of coploymer 
molecules formed from a given monomer mixture are those structures which 
would be formed if one took a container of M, sequences (distributed in 
length according to equation XI) and a container of M, sequences (dis- 
tributed in length according to equation XII) and alternately picked out 
at random M, sequences from one container and MM, sequences from the 
other container. “ 

Generalizations regarding effect of structure on reactivity with free radicals 
(10, 13, 21, 27).—In the previous section, it was demonstrated that the 
chemical composition and molecular structure of a polymer are determined 
by the competition of the two monomers for both types of free radicals 
(growing chain ends). We now take up the important question: ‘‘How does 
the reactivity of a monomer in copolymerization depend upon its molecular 
structure?”’ The following generalizations can be made: 

(a) Monomers which possess substituents on both carbon atoms of the 
C=C double bond (1,2-disubstituted ethylenes) exhibit a specific reluctance 
to add to themselves in the growing chain although they may add to vinyl 
free radicals quite readily (1, 4 to 7, 9, 12). 

If, for example, M, represents styrene and M; represents diethyl maleate, 
the rate constant ky» is zero within experimental error, but the rate constants, 
Ru, Riz, and ka, all have finite values. 

This effect, which is believed to be steric in origin, leads to a number of 
interesting consequences. For example, these 1,2-disubstituted compounds 
exhibit practically no tendency to polymerize alone, but can often copoly- 
merize readily with vinyl monomers. Maleic anhydride reacts with the 
styrene free radical about 20 times as fast as does styrene monomer (al- 
though maleic anhydride will not add to the maleic anhydride radical at all). 
Over a wide range of monomer ratios, the copolymer contains almost exactly 
50 per cent of each monomer, the structure being —-1-2—1—2—1—2-1-2-. This 
regular alternating structure represents the largest amount of M2 which can 
be put into the copolymer, even with a large excess of M2 in the monomer 
mixture. 
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(b) The chief factor governing the reactivity of a vinyl monomer is the 
amount of resonance stabilization of the radical adduct which is formed by 
the reaction of the monomer (10, 18, 20, 22, 25). 

Thus, styrene exhibits a strong tendency to add to any given free radical, 
because the resulting adduct free radical is stabilized by resonance: 


H 
| 
(YU CH, — C-) 


(This effect is identical with that which makes the triphenylmethyl radical 
so very stable.) Vinyl acetate, on the other hand, exhibits a weaker tendency 
to add to any given radical because the resulting radical in this case is not 
stabilized by resonance: 

H 

(~UCH,— .” 

.@) 

c=0 

| 

CH; 
When styrene and vinyl acetate must compete with each other for a given 
free radical, the styrene will be 30 to 50 times as reactive as the vinyl acetate. 

It is now clear why the separate polymerization behavior of individual 
monomers is a poor guide to their copolymerization behavior. Styrene mon- 
omer is a reactive monomer, but the styrene free radical is a stable, un- 
reactive radical. Vinyl acetate monomer is (relative to styrene) an unreactive 
monomer, but the vinyl acetate free radical is unstable and reactive. These 
two effects tend to compensate one another. The self-growth of styrene (un- 
reactive radical plus reactive monomer) may be quite comparable in rate 
with the self-growth of vinyl acetate (reactive radical plus unreactive mon- 
omer). But when vinyl acetate monomer and styrene monomer must com- 
pete for the same free radicals (as in copolymerization), the greater reactivity 
of the styrene is very evident. 

(c) A second factor of somewhat smaller importance is the electrical 
polarity of the double bond. A substituent such as -CN, which is m-directing 
in the benzene ring, can be expected to withdraw electrons from the polariza- 
ble double bond, thus giving the double bond a positive character. Similarly, 
such a group will give to a free radical a positive polarity. Other substituents 
will be electron-donating and will give a negative polarity to the double bond 
of the monomer and to the carbon atom of the corresponding free radical. A 
free radical with a positive polarity will exhibit a particular preference for a 
monomer with a negative double bond and vice versa. 
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(d) Asemiquantitative scheme (10) has been developed in which the gen- 
eral reactivity of a monomer (determined by the resonance effect) is denoted 
by the symbol Q and the polarity is denoted by the symbol e. In this scheme, 
the copolymerization ratios are given by the equations: 


ri = ku/kiz = (Q1/Qe)e~ e112) XIV 
2 = koo/koy = (Qo/™)e~e20e2-&) XV 


This pattern of behavior arises from the hypothesis that the rate constant for 
the addition of a monomer of type 2 to a free radical of type 1 can be given 
to a good approximation by an expression such as the following: 
hig = Pi Qe" XVI 

P, is characteristic of radical 1; Q2is the mean reactivity of monomer 2; e is 
proportional to the charge on the end group of radical 1; and ez is proportional 
to the charge on the double bond of monomer 2. 

The relative rates at which monomers 1 and 2 compete for radicals of 
type 1 is thus given by an expression such as the following: 


kur/kiz = (Qi/Q2)e~816e1-e2) XVII 
ka / ko. = (Qi/Q2)e~¢201- 2), XVIII 


The constant P, connected with the reactivity of the radical, cancels out. 

Consider, for example, the results reported by Lewis, Mayo & Hulse 
(17a). These authors investigated the copolymerization of all possible pairs 
among the four monomers: styrene, methyl methacrylate, acrylonitrile, 
vinylidene chloride. Table II gives their results for the relative reactivity of 
each monomer with each type of free radical. 


TABLE II 
RELATIVE RATES OF MONOMER ADDITION 





Radical 





neal - Methyl! Vinylidene 
Styrene Acrylonitrile 
methacrylate chloride 
Styrene (1.0) 25.0 2.0 7.0 
Acrylonitrile 25 (1.0) 0.8 2.7 
Methyl methacrylate 2.0 7.0 (1.0) 4.1 
Vinylidene chloride 0.5 23 0.4 (1.0) 





These reactivities are consisient with the values for Q and e given in 
Table III. 

This order of the four monomers fits in very well with the theoretical ex- 
pectations based upon resonance stabilization as the principal factor in- 
fluencing general monomer reactivity. Styrene, the most reactive of the set, 
exhibits the greatest number of resonance structures for the radical which is 
formed by addition to the chain. Methyl methacrylate comes second, acrylo- 
nitrile next, and vinylidene chloride last. In fact, no ordinary ‘‘conjugation”’ 
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TABLE III 
Monomer Q e 
Styrene 1.00 —1 
Methyl methacrylate 0.64 0 
Acrylonitrile 0.34 +1 
Vinylidene chloride 0.16 0 





at all exists in the vinylidene chloride radical. A small amount of resonance 
stabilization might be expected from weakly contributing structures in which 
the carbon-chlorine bond has a certain double-bond character analogous to 
that postulated in chlorobenzene. 

The e values are consistent with the hypothesis that the double bond in 
styrene—and therefore the carbon atom with the odd electron in the styrene 
radical—is electron-rich (negative), the double bond in acrylonitrile is elec- 
tron-poor (positive), while the double bonds in methyl methacrylate and 
vinylidene chloride are approximately neutral. If this is true, one would ex- 
pect the relative rate of addition of each neutral monomer to all radicals to 
be determined primarily by the over-all reactivity of the monomer, and one 
might also expect the competition of all monomers for the neutral radicals to 
be determined by the over-all reactivities of the monomers. Furthermore, the 
rate of addition of styrene to styrene radical and acrylonitrile to acrylonitrile 
radical should be reduced by electrostatic repulsion? to values smaller than 
those expected on the basis of the mean reactivities of the monomers; like- 
wise, the rate of styrene adding to acrylonitrile and vice versa should be in- 
creased by electrostatic attraction beyond the values expected on the basis 
of mean monomer reactivities alone. 

(e) Walling, Mayo et al. (27) have demonstrated that in the special case 
of ring-substituted styrenes competing for the styrene radical, the monomer 
reactivity was very closely correlated with the Hammett o-value for the 
substituent present. 

Effect of temperature and environment on copolymerization reactivity ratios 
(19).—In the foregoing discussions, the reactivity ratios r; and 72 for a given 
pair of monomers were treated as constants characteristic of the monomer 
pair. It is only reasonable to expect, however, that these constants should 
depend to some extent upon the conditions of the reaction—temperature, 
solvent environment, etc. 

Variation of reactivity ratios with temperature has been studied in a 
number of cases. It seems to be consistently true that an increase in tempera- 
ture results in a more uniform copolymerization; i.e., 7; and 72 are altered in 
the direction of unity. The effect is not large, however. Except for monomers 
with pronounced steric interferences, the temperature-dependence appar- 
ently follows a very simple law: 7; =e~@u — “12/27, where Ey and Ej: are the 


2 Walling has pointed out that it is an oversimplification to consider this polarity 
effect as a simple case of electrostatic attraction or repulsion between fixed charges. 
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energies of activities of the two competing reaction steps. If 7; and r2 are 
known for one temperature, it is possible in normal cases to make a good 
estimate of the values at other temperatures. 

A few comparative studies of the reactivity ratios of a given pair of 
monomers in a number of different solvents have been made. In no case has 
any appreciable variation of 7; and 72 been observed, even when the dielectric 
constant of the medium was varied widely. These studies indicate that the 
competition of two monomers for a given free radical is not appreciably in- 
fluenced by the nature of the medium in which the reaction occurs. 

One important case is that of emulsion copolymerization (15, 16, 17). The 
copolymerization behavior of a number of monomer pairs has been studied 
both in emulsion and in solution or bulk. When neither monomer is apprecia- 
bly water-soluble, the same copolymer composition curve is observed in 
emulsion as in the bulk reaction. If one monomer is water-soluble, its appar- 
ent reactivity is reduced because that portion of the monomer which is 
dissolved in the aqueous phase is not available for reaction. 

Copolymerization by ionic mechanisms (11, 14, 26).—There are three obvi- 
ous elementary reactions which, once initiated, can lead to a reaction chain 
in which an olefin is converted to a high polymer. These are the addition of a 
carbonium ion, a free radical, and a carbanion to the double bond. 


H H H H H H 
sce + C= C— VU C— C— C+ 
x H xX xX H X 
H H H H H H 
ywc. + C= C——Syc—c—e 
x H X xX H X 
H H H H H H 
yuuc: + cm=ce—D 1c —c—e: 
x H X xX H X 


In the first case, the electrophilic carbonium ion draws to it the pair of 
mw electrons of the double bond, creating a single C—C bond with the olefin 
and regenerating a carbonium ion at the new terminus of the growing chain. 
In the second case, the free radival opens up the double bond, pairing with 
one of the two m7 electrons and regenerating a free radical at the new chain 
terminus. In the third case, the nucleophilic carbanion adds to the double 
bond, forcing both 7 electrons onto the new terminal atom of the chain, thus 
regenerating a new carbanion. 

The competition of two different monomers for a carbonium ion chain 
end will obviously be quite different from the competition of the same two 
monomers for a free radical or a carbanion, and hence, we can expect an en- 
tirely different order of monomer reactivities in each of the three cases. One 
common feature to be expected in the two ionic mechanisms is a much greater 
influence of electrical polarity than in the case of attack by an essentially 
neutral free radical, although these polarity effects will operate in opposite 
directions in the two ionic mechanisms. 
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Walling et al. (27) have clearly demonstrated the distinction among the 
three mechanisms of vinyl polymerization, in the case of the styrene/methy] 
methacrylate system. When a 1:1 molar mixture of these two monomers is 
copolymerized with a peroxide catalyst, the resulting copolymer has almost 
exactly a 1:1 molar composition. When a metal halide is used as a catalyst, 
polymerization proceeds by the carbonium ion mechanism, and in this case, 
the copolymer is practically pure polystyrene. Finally, metallic sodium initi- 
ates polymerization by the carbanion mechanism, and in this case, the poly- 
mer is practically pure polymethyl methacrylate. 

Most of the quantitative work on ionic mechanisms in copolymerization 
has been concerned with the carbonium ion (acid-catalyzed) case. The order 
of reactivity of various substituted ethylenes for addition to a carbonium ion 
has very definitely been shown to be correlated with the electron-donating 
character of the substituent group or groups. Thus, styrene is moderately re- 
active; a-methylstyrene and anethol are much more reactive; and p-chloro- 
styrene is considerably less reactive. Monomers with electron-withdrawing 
substituents, such as acrylonitrile, methyl methacrylate, and vinylidene- 
chloride, are extremely unreactive in carbonium ion copoly merization; vinyl 
ethers are extremely reactive. In general, this order of reactivity is reversed 
in carbanion copolymerization. 
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EXCLUSIVE OF Hicu PoLyMers! 


By Harry B. WEISER 
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Adsor ption.—The Brunauer, Emmett, Teller model of adsorption leads to 
correct deductions even though it assigns extremely unrealistic properties to 
the liquid state (1). A study of the N. adsorption of atapulgite at low temper- 
atures (2) indicates, in general, a gradual decrease in surface area and in- 
crease in pore volume with activation temperature from 400° to about 700°C. 
followed by abrupt decrease of both properties at higher temperatures. 
Structure calculations based on the Kelvin equation give curves showing the 
distribution of pore volume over a large range of pore radii. A relation be- 
tween the differential thermal curve and behavior of the adsorbent on acti- 
vation is presented and supported by experimental data. 

Treatment of a low-ash charcoal with oxygen gas at 400°C. increases 
its ability to remove alkali from solution and decreases its ability to remove 
acid (3). The rate of adsorption increases with temperature from 24° to 40°C. 
or on grinding to pass a 60 mesh screen. Both Nat and OH™ ions are removed 
by a base-adsorbing charcoal, and both H* and Cl- ions are removed by a 
acid-adsorbing charcoal. The stability of the O-complex formed by Oz treat- 


ment at 400° is indicated by its heat of formation. The high temperature of 


out-gassing of a treated charcoal reverses the changes in acid and _ base- 
adsorptive propertics produced by treating with Os When the oxygen 
is pumped off as COs, ete., the volume of the charcoal decreases correspond- 


ingly so that the apparent density changes very little. Oxygen treatment 


increases the suriace area of charcoal, and there is a constant increase in 
the ability to adsorb gaseous HCI, NH,. and H.O at high relative pressures. 


In addition, there is a striking increase in the adsorption of H2O and NH; at 
low pressures. 

Both activated, unimolecular adsorption and van der Waals multimolecu- 
lar adsorption have been discussed by van Itterbeek (4) on the basis of Lang 
muir’s, Polanyi’s, and Brunauer-Emmett’s theories. Van der Waals adsorp- 
tion involved two kinds of energy, one resulting from direct interaction be- 
tween suriace and gas molecules and one due to forces acting between 
adsorbed molecules. When the latter prevails, the isotherm curve has an S 
shape and the adsorbed layer may tend to forma film. Defay has defined 
different types of adsorption on the basis of Gibbs’ theory. Verschaffelt (5) 
uses van der Waals’ theory. By use of the kinetic theory of gases, the quantity 
of gas adsorbed is correlated to the pressure. A thermodynamic correlation 


between adsorption and surface tension is given. A curve relating the extinc- 


' This review covers approximately the period from October, 1948 to October, 
i949, 
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tion coefficient, K, to the particle size of material in suspension in the range 
0 to 50 w is derived experimentally by Rose & French (6). The assumption 
that K is independent of particle size leads to errors of about 100 per cent 
in the estimation of specific surface and this observation reduces the probabil- 
ity of developing accurate single measurement methods. Theoretically, 
refrangibility and adsorptivity of the particle and the suspension fluid should 
have an effect on K, but in the absence of data on these variables, it appears 
that they may be neglected. A method of using the curve relating K to parti- 
cle diameter in estimating the specific surface of a powder is given in detail, 
and it is believed that the method is sufficiently accurate for many purposes. 

Arnold (7) determined adsorption isotherms at constant gas composition 
and 78.2°K. for five Ns-O. mixtures on Harkins’ anatase. Isotherms for 
the pure gases were also determined. The isotherms show selective absorp- 
tion of nitrogen by this surface at low coverage. Comparison with the ex- 
tended Brunauer-Emmett-Teller theory show qualitative disagreement and 
provides evidence against at least one of the assumptions of the Brunauer- 
Emmett-Teller theory. The use of a liquid entropy model gives semiquanti- 
tative agreement with experiment. This model permits the prediction of 
mixed adsorption behavior from the pure gas isotherms, for pairs of gases 
for which Raoult’s law holds approximately. Keenan (8) modified the Bru- 
nauer-Emmett-Teller equation and found that the heats of adsorption of 
nitrogen and argon support this equation for the monolayer volume. An 
expression for the volume adsorbed in the mth layer, when summed for 
n=from 1 to ©, gives an isothermal equation identical with one derived 
more directly by Anderson (44). Carbon containing adsorbed diluted phthal- 
ate was found (9) to adsorb less CsH, than does pure carbon. If the volume 
of liquid water adsorbed by pure carbon at 95 per cent relative humidity is 
do and the volume of liquid Cs;Hs contaminating carbon is a, the volume of 
H.O adsorbed by the contaminated carbon is approximately dy)—a. The ash 
of a carbon from anthracite had a very small adsorption capacity. Dissolving 
away the ash of a carbon increases its do but does not affect B in the adsorp- 
tion equation. Sugar charcoal was heated in He at 950°C., degassed, cooled, 
and introduced into gas free aqueous H2SQO, which was then filtered off either 
directly or after a 10-min. contact with oxygen at 21074 to 256 mm. Hg. 
In the first case, H2SO, was titrated in the filtrate and the amount molecular- 
ly adsorbed (I',) was computed (10). In the other case, the amount I ad- 
sorbed was determined as before, but the quantities, X, of O. adsorbed and 
Y, of H.O, formed were determined all in m.eq. per gm. of charcoal. When 
the final concentration, C, of HsSO,y was .008, 0.1442, and 0.8455 N, T') was 
0.008, 0.186, and 0.312 respectively; T was greater and increased with X. 
The difference ['-I', is acid adsorbed by displacing adsorbed Os. It is almost 
equal to X as long as X is small but is smaller than X at large X values. This 
is attributed to the heterogeneity of the charcoal surface and to two types of 
O. adsorption. These two types can also be detected magnetically. Small 
adsorbed amounts of Os» lose their paramagnetism, but large amounts are 
magnetic. 
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The activities or sorptive capacities of nine different activated charcoals 
were determined for CCl,, HeO, AmCI, CsHs, CH3;0H, hexane, mustard gas, 
and phosgene (10). The results and ratios of vapor adsorbed at saturation 
are compared with those obtained by a flow method (11). On a fine pore (1) 
and a coarse pore (II) silica gel characterized by a maximum of the effective 
pore radii distribution curve at respectively 15 to 20 A and 50 A, and by 
liquid H.O adsorption at saturation of respectively 53 and 0.92 cc. per gm., 
adsorption curves of phenol in C;H¢ solution at 20°C. are similar and show no 
S-shape. At 40°C., the temperature of layering, the adsorption curve on II 
becomes S-shaped whereas the curve on I remains normal. At the completion 
of capillary layering, at high relative concentrations, phenol and C;Hg are 
adsorbed in a ratio corresponding to the composition of the phenol-rich laver. 
The limiting amounts of phenol adsorbed at 40°C. estimated from the iso- 
therms are on I and II respectively 4.2 and 7.4 mM per gm. corresponding 
to 0.50 and 0.90 cc. per gm. respectively. These volumes are close to the 
volumes of liquid water adsorbed at saturation, which fact indicates dense 
filling of the pores at the completion of capillary layering in contrast to the 
case of crystallization at 20°C. The absence of an S-shaped rise on | indicates 
that its pores are practically filled already at low relative concentrations; 
on II the early stage of adsorption results only in coverage of the pore walls, 
the pore space being filled only at the stage of capillary layering (12). 

Solutions of lauric acid in CsHg, (1) or in petroleum ether (11) spread on 
acidified HO at 20°C. did not give the same compression curves (13). For 
a given pressure (I) always gave a higher area per molecule. Myristic acid 
gave analogous results. For II, the area was proportional to the volume of 
solution used. For I, the area varied linearly with the volume of solution, 
but the curve did not pass through the origin. Molecules of Cy;Hs appear, 
therefore, to be fixed to the HO surface. 

An adsorption equation in which [ is now the molar concentration at the 
surface is derived kinetically for positively adsorbed substances. The number 
of molecules entering the surface is assumed to be proportional to the concen 
tration in the interior. The number leaving the surface is proportional to 
the number in the surface. The activation energy for the escape is determined 
from the equation of state for the surface (14). 

Gibbs’ adsorption law is verified in two ways for lauric acid solutions 
containing HCI (15). The determined surface pressure p of the adsorbed 
monolayer is compared as a function of the molecular cross section with 
p as calculated from the data of Frumkin. The experimental pressures are 
slightly lower than the calculated but the deviation is less than 9 per cent. 
By using an isopiestic method the sorption of CCl,, HxO, CH3;0OH, and C;Hs 
on activated cocoanut charcoals was determined at different stages of acti- 
vation by steam. 

An empirical equation of state (16) ascribed to Amagat is put into a form 
suitable for a ready integration of the Clausius equation for establishing the 
latent heat of two-dimensional phase transitions. By use of this equation, 
heat values of 4.2, 3, and 8 kcal. per mole were found for phase transitions 
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of ethyl palmitate, a-monopalmitin, and pentadecylic acid respectively on 
a liquid substrate. A value of 11.41 kcal. was obtained for the phase transition 
of n-heptane on solid graphite. A new theory of multilaver adsorption due to 
Hiittig is compared with the Brunauer-Emmett-Teller equation using ad- 
sorption isotherms for C2H, on NaCl at 90°K., CH3, OH, and C.H3;—H 
vapor on SiO. at 298°K. The isotherms plotted according to the Hiittig 
equation are linear up to a relative pressure of 0.6 to 0.8, whereas those 
plotted according to the Brunauer-Emmett-Teller equation are linear up to 
about 0.55 relative pressure. However, the two equations yield surface area 
values that agree with each other within 10 per cent. Dynamic adsorption 
and desorption studies were made (17) with water vapor on a microporous 
SiO, gel to determine the effect of air velocity through the adsorbers, the 
distribution of moisture in the gel, and the effect of length and cross section 
of the gel columns. 

Reyerson & Wertz (18) determined the adsorption of NOo— NO, mix- 
tures on silica gel and rutile. Reversible adsorption was obtained for both 
adsorbents. On silica gel, NeO, appears to form a multilayer; on rutile, a 
monolayer. Apparently both NOs and NO, are adsorbed, the former pre- 
dominating at low pressures, the latter at higher pressures. Preliminary mag- 
netic measurements agreed with the conclusion that the adsorbed phase on 
silica gel was predominantly N.Oy. Charcoal and alumina gel showed chemi- 
sorption. Graphitized carbon showed such a marked decrease in diamagne- 
tism during adsorption as to suggest entry of NO» or NO, into the graphite 
lattice with a resultant spreading of the graphite lavers from one another. 

Zhukovitskii & Rubenatim (19) determined the surface area of adsorbents 
and found it to agree for N» with the value obtained by the method of Bru- 
nauer, Emmett, and Teller. Evidence is presented by Pierce, Wiley & Smith 
(20) to support the view that capillary condensation takes place in adsorption 
on charcoal and that the forces producing it are of the same type as those 
causing multilayer adsorption. When capillary condensation occurs, it is 
impossible by this means to determine the surface area of a porous solid. 
According to Schaeffer, Smith & Wendell (21), the adsorption of helium on 
carbon agrees with the results obtained by Brunauer, Emmett, and Teller. 

The low temperature adsorption of acetylene, butane, isobutane, ethane, 
ethylene, methane, nitrogen, and propane were determined on a series of 
cocoanut charcoals of various degrees of activity (22). Langmuir adsorption 
curves were obtained in every case, and the measurements indicated hori- 
zontal orientation of the hydrocarbon molecules on the charcoal surface. 
The average adsorption areas were determined assuming a moleuclar adsorp- 
tion area of 16.2 sq. A. for nitrogen. The sorption of a gas by a solid is con- 
trolled by two processes, either of which may be the rate controlling step 
(23). The processes are activated adsorption and diffusion into the solid. 
At sufficiently low pressures, the rate is controlled by activated adsorption, 
but at higher pressures, the rate is controlled by diffusion. 

Chmutov (24) determined the dimensions of liquid drops condensed 
from vapor between two gravity lenses. The curvature of the menisci cal- 
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culated from the Kelvin equation were several times that calculated from the 
distance between the lenses for benzene, water, and C.H;OH. Therefore, the 
Kelvin equation cannot be used for computing the pore radius of adsorbents. 
Dixon et al. (25) used a radiotracer method for measuring the adsorption 
of surface active agents at a solution-air interface. 

Sols and gels.—The critical micelle concentration of a number of potas- 
sium fatty acid soaps, sodium alkyl sulfonates, and alkylamine hydrochlo- 
rides were determined by measuring the refraction with an interferometer. 
The critical micelle concentration is a logarithmic function of the number of 
carbon atoms in the hydrocarbon chain. The addition of electrolytes to soap 
solutions decreases the critical micelle concentration, but this decrease does 
not follow the mass action law. The addition of potassium chloride to potas- 
sium laurate decreases the critical micelle concentration to less than 15 per 
cent of the original value. The critical micelle concentration values of soap 
mixtures are intermediate between the original values. 

Radioactive potassium, barium, sodium, and strontium were used in 
exchange reactions on Amberlite (26). With increasing potassium content, 
the exchangeability of potassium decreases when sodium is the comple- 
mentary ion. In the same way, the exchangeability of strontium decreases 
with falling strontium content when combined with sodium but increases 
when combined with barium. For both potassium and strontium, the per- 
centage replacement approaches a limit at very low degrees of saturation. 
A theory is developed of the mutual free energy of two collodial particles 
(27). This theory does not omit any terms of an electrical nature. A repul- 
sion is obtained between the double layers of two colloidal particles in dilute 
solution. A critical zeta potential is obtained by the coagulation of particles 
provided they are all of the same size (28). This is in line with the view of 
Powis and contradicts the view of McBain. The Smoluchowski-Henry elec- 
trophoresis equation is extended to include the surface conductivity effect. 
The method of Fricke & Curtis for the measurement of surface conductivity 
in suspensions is amended to include the contribution to the conductivity of 
the charge carried by the electrophoretically moving spheres (29). A gener- 
alization is given of Henry's formula for the relations between the rate of 
cataphoresis of spherical particles in an electrolyte and the electrokinetic 
potential, taking into account the surface conductance (30). Ions cause a 
directional effect on anisotropic particles (31) of sols (graphitic acid, V2Os, 
etc.). Addition of a grain of solid salt to a layer of the colloid causes optical 
anisotropy. Occasionally, the anisotropy and coagulation due to ions takes 
place in concentric rings. Pontani & Quarra (32) studied the properties of 
several metallic colloids (platinum, palladium, gold, silver, manganous 
hydroxide, ferric hydroxide, and cupric hydroxide). The colloids were stable 
and easy to prepare in cold water. 

Gels are formed by the action of alcohols and other more or less water- 
miscible organic compounds on concentrated solutions of calcium acetate 
(33). Provided the alcohol concentration did not greatly exceed the minimum 
necessary for gelation four distinct stages were observable: (a) upon gentle 
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mixing, a liquid of increased viscosity, (b) on shaking, an opalescent gel in 
which entrapped air bubbles assumed a lenticular form, (c) on standing, a 
slow development of fibrous threads which finally rendered the gel quite 
opaque, and (d) after a long period, suneresis with the separation of gelatinous 
masses and finally crystals. The rapidity with which these stages were passed 
increased with calcium acetate concentration. Coacervation (34) is a phase 
equilibrium and not a complex or a compound. Coacervation is the separa- 
tion of a colloidal system into two fluid, optically isotropic phases. The 
coacervate is the more concentrated of these two phases and may, in some 
cases, contain nearly all of the colloid. The more dilute phase is the equili- 
brium liquid which may be composed, under optimal conditions, almost 
entirely of the solvent or solvents. 

Transparent colloidal solutions of Al,O3, ThOs, and SiO2 were heated at 
75°C. The solutions gradually became cloudy, and there was a very slight 
decrease in 7. With Al.O3, flocculation finally occurred accompanied by a 
sharp decrease in yn. The additivity law held for the addition of electrolytes 
as long as flocculation did not occur. For flocculated Al,O; sols at low elec- 
trolyte concentration, all the electrolyte was apparently fixed on the floccu- 
late. 

Gel forming systems were studied by measuring the intensity and de- 
polarization factors of light scattered by the system (35). Three types of 
gels were recognized: (a) those that increase in opacity during setting, e.g., 
Sn3(POx4)s Sn3(AsO,), (in these systems the particles grow and become more 
anisotropic during setting, coagulate by aggregation, and finally set to an 
opaque gel; the opacity comes from the increased size of the particles in a 
unit volume of gel), (b) those that do not change in opacity during setting, 
e.g., Th3PO, (the gelation occurs by hydration; there is no change in the num- 
ber, size, or anisotropy of the particles during setting), and (c) those that set 
very slowly with a decrease in opacity during setting, e.g., Ce3(PO,),. In 
these systems the particles are initially in large aggregates and highly aniso- 
tropic. Subsequently they split into smaller particles and become isotropic. 
A ferric chloride solution containing 17.54 gm. per 1. and a5 per cent solution 
of sodium succinate react methathetically to give jellies that are transparent, 
firm, and stable (36). 

The coagulation concentration of bromides (37) on sulfur sol increases in 
the order KBr> NaBr> LiBr, that is, in an order that is the reverse of the 
usual Hofmeister series. It indicates that in the coagulation of sulfur sols 
the first step consists in a replacement of the compensating cation of the 
micelle, sodium from Na2S;O¢, by the cation of the coagulating salt. This is 
further corroborated by determinations of the coagulating concentration 
of pairs of electrolytes; occurrence of coagulation at concentrations for which 
the sum of the percentages of the individual coagulating concentrations, 
contributed by each component of the pair, is less than 100 is taken as an 
indication of a sensitization of the coagulating ability of one component by 
the other. Analytically no adsorption of potassium ions by the sol, was found 
either in pure KBr or in KBr+4N HCl in a concentration range correspond- 
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ing to a stabilizing effect. On the other hand, distinct adsorption of potassium 
ion was found in KBr+0.1N HCI, i.e., in the range of sensitization of 
coagulation. 

The concentration of KCI required for coagulating As.S; sol (38) is raised 
by phenylpropionic acid>malonic acid>succinic acid>adipic acid> 
benzoic acid> phenylacetic acid> oxalic acid. About one-half of this effect 
is caused by the hydroxyl ions. When this correction is made, phenylacetic 
acid has the weakest stabilizing action. The coagulating concentration of 
the potassium salts of these acids could not be attained for phenylpropionic 
acid because of hydrolysis and was smallest for oxalic acid. The volume V 
of As2S3 precipitate decreases for hours after coagulation. The rate of de- 
crease is greatest for coarsest sols. If coagulants are compared in the concen- 
trations C causing coagulation within 24 hr., potassium causes a greater V 
than Bat* or Al***, and V increases in the order Fe(CN)s-—~—-~<SO,-— 
<NO;-,<ClI-. C usually increases in the order AlCIl;< Al(NO3)3< BaCl 
< Ba(NO3)2< KCl, K28SO,< KNO3;< KyFeCNg< LiNOs;. The final volume V, 
increases when the concentration of added potassium salt increases and when 
the concentration of the barium or aluminum salt decreases; thus the mecha- 
nism of coagulation is different for uni- and multivalent ions. Sb.S; sols 
behave similarly. Coagulation of Fe2O; sols causes formation of two liquid 
layers, and the volume V;, of the lower layer decreases more slowly than V 
of AsoS;. On adding increasing amounts of LizSOy,, MgSO,, or K3PO,4, Vi; 
decreases in the beginning but increases during the latter part of sedimenta- 
tion. The V, decreases when the concentration of the coagulant increases and 
the hydration of coagulating ion decreases. Al,O; sols behave similarly to 
FeO; sols (39). 

The literature on the constitution of gold sols in water is briefly surveyed 
(40). Gold sols are composed of chloro- and bromo- as well as chloro-hydroxo 
mixed complexes, not of elementary gold. The color change, red to blue, is 
due to coagulation of these ions. The coagulation is a three-step process: 
(a) inactivation and association of the counter ions of single particles, (b) 
reciprocal action of discharged particles with resulting aggregation and bind- 
ing of surface complexes, and (c) disproportionation of the complex and clear- 
age of the chlorogold complex yielding Au, HCl, and HAuCl,. The first step 
is reversible, but the second and third are not. Examples of the steps are in- 
cluded. These examples strengthen the Fajans position (43) regarding the 
role of different cations in color dispensing through their addition to the 
anionic group whose electron shell exhibits favorable conditions for deforma- 
tion. To account for the color of colloidal gold, a mutual action between 
colorless ionic surface complexes and the gold particle nuclei is necessary. 

In hydrosols containing 7 gm. per 1. of AsoS; with an excess of either H.S 
or As»O3, aged in contact with air in full sunlight, the colloidal As2S; disap- 
peared completely (41) after 110 days. The electrical conductivity and the 
acidity increased. The increase of the acidity corresponds to the amount of 
SO,-— formed as determined analytically. The only other acid formed is 
As2O3, whereas AsO,-—~ and polythionic acids are absent. In the dark but 
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still in contact with air, the process takes place much more slowly, but in 
the same direction. lon exchange between sol and added BaCl, or MgCl: 
was determined by parallel acidimetric titrations of the filtrates (minus the 
acidity of the ultrafiltrates) and the determinations of residual barium or 
magnesium in both the filtrates obtained after addition of BaCl, or MgCl, 
and in the filtrates obtained after preliminary coagulation of the As2S3; with 
NaCl, the latter determination giving the amount of cation bound by the 
intermicellar liquid as distinct from that bound by the whole of the sol; 
the difference gives the amount of cation adsorbed by the micelles by way 
of exchange of micellar H* ions. In young sols, the amounts of barium or 
magnesium adsorbed coincide with the amount of acid formed indicatirg 
absence of binding by the intermicellar liquid and absence of molecular 
adsorption of the chlorides on the micelle; the process in this case is pure 
ion exchange. In aged sols, significant amounts of barium ion are found in the 
intermicellar liquid; if that amount is deducted from the total amount of 
barium ion bound by the sol, the difference coincides satisfactorily with acidi- 
fication produced by the addition. Thus, in aged sols, one has concurrently 
precipitates of BaSO, by the H2SQO, in the intermicellar liquid in the process 
of aging and exchange of micellar H* ions for Ba** ions. In the case of Mg** 
ions, there is only straight micellar ion exchange. 

Silver is taken up from Ag»SO, solutions by dialyzed Fe(OH); sols pre- 
pared from FeCl;, but not by those prepared from Fe(NOs3)3 or Fe2(SO,)s 
(42). Electrodialysis reduces the amount of silver absorbed by Fe(OH); 
10 to 15 times. Silver is adsorbed because it is precipitated as AgCl. SO,~ 
is taken up from Ag2SQO, solutions by Fe(OH); sols from FeCl; and Fe(NOs)3 
because of ion exchange. The alleged molecular adsorption of AgeSO, could 
not be detected, i.e., was less than .02 m.eq. per gm. Fe2O3. 
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of, 203 
1,2-Dibromoethane, inter - 
atomic distances of, 200 
1,2-Dibromopropane, isomers 
of, 203 
Dicarboxylic acids, crystal - 
lography of, 200 
Dichloroethane 
iodine solubility in, 75-76 
iodine solution in, absorp- 
tion spectrum of, 77 


photo 
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1,1-Dichloroethane, thermal 
decomposition of, 237-38 
1,2-Dichloroethane 
chain inhibition and, 239 
decomposition of, 237 
heat capacity of, 201 
interatomic distances of, 
200 
internal rotation and, poten- 
tial energy for, 200 
isomers of 
energy differences be- 
tween, 200 
Stability of, 201 
state of, energy differences 
and, 200-1 
Dichloroethylene 
iodine solubility in, 75-76 
isomerization of, 294-95 
activation energy of, 295 
1,2-Dichloropropane, isomers 
of, 203 
1,2-Dichloropropene, isomers 
of, 203 
Dielectric constant, analysis 
for, phase diagrams and, 
43 
Diethyl ketone, photodecom- 
position of, 297-98 
Diethyl terephthalate, struc 
ture of, 224 
Diffraction, electron, 189-96 
covalent bond radii and, 
193-94 
of decalin, 204 
experimental techniques and, 
190-91 
improvements in, 190 
intensity of scattering in, 
190 
limitations of, 190 
sector method, 190-91 
by gas molecules, 191 
gas molecule structure and 
metallic, 194-96 
punched card technique, 
192 
of halogens, interatomic dis- 
tances and, 200 
interpretation of, 191-93 
visual correlation method, 
191 
of nitric oxide, molecular 
structure and, 193 
of ozone, molecular struc - 
ture and, 193 
radial distribution functions 
and, 192 
of spiropentane, 196 
vibrational amplitudes and, 
192 
Diffusion coefficient 
determination of 
conductance and, 65 
diaphragm cell technique 
of, 67 
Gouy fringes and, 66 


Diffusion coefficient (cont.) 
determination of (cont.) 
Lucite diffusion cell and, 
65 
optical methods of, 67 
electrolytic, in solution, 
65 68 
thermal, Clusius column 
and, 66 
Diisopropy] ether, vapor 
phase oxidation of, inhib- 
ition of, 256 
Dimethylbiacetylene, force 
constants of, 140 
2,3-Dimethylbutane, iso 
mers of, 200 
Dimethylcyclohexane, isomers 
of, 204 
2,4-Dinitrodiphenyl ether, 
methanolysis of, 249 
Dimethyl mercury, photolysis 
of, 298-99 
ethane formation and, 298-99 
methyi radical and, 298 
Diphenylmethane, reaction 
with chromium trioxide 
in glacial acetic acid solu 
tion, 248 
Dipole moments, solubility 
and, 76 
Dissociation 
constant of 
calcium ferrocyanide, 63 
ionic structure and, 63 
and ion size, effective, 62 
lanthanum ferricyanide, 63 
overlapping of, 70 
potassium ferrocyanide, 63 
energy of 
carbon bonds, 243 
spectroscopy and, 6-7 
Wien effect and, 64 
see also Conductance 
Distribution functions, 175-83 
applicability of, 177 
Brownian movement and, 182 
Canonical Ensemble ap 
proach, 173 
of crystals, 175 
definition of, 175 
Fredholm Kernal and, 181 
of gases, 175 
Grand Canonical Ensemble 
approach, 178 
internal coordinates and, 
176 
light scattering and, laws of, 
182-83 
of liquids, 175 
and freezing, theory of, 
180 
mixtures of, 175-76 
molecular weight and, 182-83 
nonequilibrium system and, 


osmotic pressure and, 179 
phases and, 180 








Distribution functions (cont.) 
potential of average force, 
176 
of crystals, 177 
of fluids, 177 
of perfect gases, 176 
van der Waals forces and, 
176 77 
potential functions, equations 
of, 181 
pressure and, 177-78 
probability density and, 182 
of quantum mechanical sys 
tems, 176 
viscosity and, 182 
see also Statistical mechan- 
ics 
Dyes, organic, light absorp- 
tion by, 301 


E 


Electrolytic solutions, 59-72 
conductance and, 61-64 
diffusion of, 65-68 
dissociation constants, over - 

lapping of, 70 
ionic transport in, 59-61 
diaphragm cell and, 67-68 
thermal diffusion, Clusius 
column and, 68 
thermodynamics of, 68-72 
Debye-Hlckel equation and, 
68-69 
Stokes-Robinson equation 
and, 69 
see also Nonelectrolytic sol- 
utions; and Solutions 
Elements, transuranic, see 
Transuranic elements 

Enthalpy, measurement of, 7 

Entropy 
calorimetric, intermolecular 

rotation and, 197 
communal, statistical me- 
chanics and, 184 
from Third Law, 4-7 
for inorganic compounds, 
4-5 
for organic compounds, 5-6 

Enzymes, kinetics of, 235 
see also Kinetics, of bio- 

chemical reactions 

Equilibria 
gaseous phase, 53-55 

absorption equilibria and, 
53 
and invariance, lack of, 53 
methods of study of, 53 
thermal diffusion and, 53 
heterogeneous, phase dia- 
grams and, 41-55 

liquid phase, 49-53 
immiscibility and, 49 
solubility and, 50 

phase boundaries and, 50 

solid phase, 41-49 
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Equilibria (cont.) 
solid phase (cont.) 
high temperature analysis 
and, 47-48 
room temperature x-ray 
analysis and, 41-42 
vapor—liquid, 83 
Esters 
aliphatic, acid catalysis 
and, 245 
mixtures of, volume and, 79 
Ethane 
formation of, dimethy] mer - 
cury photolysis and, 298- 
99 


oxidation of, mercury photo- 
sensitization and, 304 
Ethanol, pimaric acid isomer - 
ization in, 249-50 
Ether 
iodine solution of, absorp- 
tion spectrum of, 77 
vapor phase oxidation of, 
242 


Ethyl acetate 
alkaline hydrolysis of, 253 
anionic transport of, 61 
butanol and, transesterifica- 
tion of, 244-45 
Ethyl benzoate, alkaline hy- 
drolysis of, 260 
velocity of, 260 
Ethyl chloride 
chain inhibition in, 239 
decomposition of 
in gas phase, 236-37 
thermal, 237~38 
Raman frequencies of, 200 
Ethylene 
hydrogenation of, 281, 284- 
85 


and oxygen, combustion of, 
radiation and, 303-4 
propylene and, photolysis 
rate of, 297 
Ethylene chloride, conductance 
of, 61-62 
Ethylene oxide, structure of, 


Ethyl ether, actinometry with, 
1 


Ethyl iodide 
actinometry with, 122 
decomposition of, energy ab- 
sorption and, 124 
Ethyl linoleate, oxygen ab- 
sorption of 
kinetics of, 327 
rate of, 326-27, 328 
Ethyl nitrate, decomposition 
of, 241 
Ethyl xanthic acid, decompo- 
sition of, 253-54 
Eutectic point, phase diagrams 
and, 51 
Exchange reactions, 305-6 
Explosions, see Combustion 
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F 


Faraday constant, determina 
tion of, 1 
Ferric hydroxide, polymeri- 
zation of, radiation and, 
300 
Fission, nuclear, see Nuclear 
theory; Radiation; and Ra- 
dioactivity 
Fluorescein dye, phosphores- 
cent, paramagnetic suscep- 
tibility of, 301 
Fluorine 
compounds, structure of, 165 
covalent bond radius of, 
193-94 
rare-earth compounds of, 
structure of, 225-26 
see also Fluorocarbons 
Fluorocarbons, 79-81 
chlorine solubility in, 81 
molecular vibrations of, 
164-65 
solubility of, 79 
parameters of, 81 
Force constants, 167-69 
Linnett orbital-force model 
and, 168 
Urey-Bradley model and, 
168 


valence-force model and, 
167 
valence theories and, 167- 


Formaldehyde 
electrode processes of, 323 
nitrogen dioxide and, reac - 
tion with, 257-58 
polarographic reduction of, 
312 


tobacco mosaic virus and, 
inactivation of, 266 
Formic acid 
decomposition of, 283-84 
radiolysis products of, 122- 
23 
Fourier analysis, crystallog- 
raphy and, 215 
Francium, properties of, 102 


G 


Gases, conjugate densities of, 
87 
Glutaric acid, structure of, 
220 
Glycylglycine, structure of, 
220-21 
Gold 
alloys, catalytic activity of, 
283-84 
sols, 353 
Gouy fringes 
cell type and, 66 
elettrolytic analysis and, 66 
Rayleigh interferometer and, 66 
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Graphite, unsaturation ener - 
gies of, 138-39 
Groutite, structure of, 230 


H 


Halides 
alkali, conductance of, 61 
radiolysis of, 121-22 
alkaline crystals, 124 
aqueous solutions, 127-28 
tertiary alkyl, phenol alkyla- 
tion by, 247 
Halogens 
cyanide compounds of, 
structure of, 208 
hydrogen halides and, ex - 
change reactions between, 
261 
inhibition by, 291-92 
interatomic distances of, 
200 
internal rotation of, poten- 
tial energy for, 200 
photolysis of, 291-95 
Raman frequencies of, 200 
rare-earth compounds of, 
structure of, 226-27 
Heat 
of formation, of inorganic 
compounds, 7-10 
of reaction, 7-17 
of organic compounds, 11- 


Heptane 
adsorption of, 349 
iodine solution in 
absorption spectrum and, 


ultraviolet absorption of, 
17 
isomers, 199 


energy differences between, 


Hexafluorides, structure of, 
195-96 
n-Hexadecane, thermal crack- 
ing of, 243 
Hexamethylenediamine dihy- 
drohalides, structure of, 
221 
Hexane, adsorption of, 349 
n-Hexane 
isomers of, 199 
energy differences between 
199 
nitrogen solubility in, 80-81 
Hexatriene, valence -bond 
theory applied to, 147 
Horseradish peroxidase, kin- 
etics of, 264 
Hydrocarbons 
aliphatic 
internal rotation of, 197-200 
molecular structure of, 
165 
aromatic 
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Hydrocarbons (cont.) 
aromatic (cont.) 
basic nature of, 77 
internal rotation of, 203 
molecular orbital valence 
theory for, 136 
autoxidation of 
activated, 329 
chain length in, 329 
kinetics of, 326-28 
limiting steady rates of, 
328-29 
small chain molecules, 
326-27 
combustion of, 255-56 
conjugated 
force constants of, 139-40 
interaction constants of, 
140 
conjugation energy of, 138 
cracking of, 281-82 
mechanisms of, 282 
dehydrogenation of 281 
electron density of, 142 
isoelectronic, unsaturation 
energy of, 143 
polymerization of, 325-29 
degradative reactions to, 
applications of, 333-34 
hydroperoxides and, 325-26 
radiolysis of, 121-22 
unsaturated 
molecular orbital valence 
theory applied to, 136 
resonance energies of, 136 
Hydrogen 
catalysis and, 280 
velocity of, 280-81 
chemisorption of, isobaric, 
278 
chlorine and, photochemical 
reactions between, 291 
infrared absorption of, 165 
nitrous oxide mixture of, 
explosive limits of, 258 
»xygen and, thermal combi 
nation of, 257 
radioactive, production of, 
macroscopic, 108-9 
radiolysis of, 122, 124 
see also Tritium 
Hydrogenation, 280-81 
of ethylene, 284-85 
metals in, catalytic activity 
of, 283 
Hydrogen bromide, oxidation 
of, 242 
Hydrogen cyanide, hydrogen- 
ation of, 281 
Hydrogen peroxide 
decomposition of, thermal, 
242 
photodecomposition of 
in aqueous solution, 296 
in vapor phase, 295-96 
water radiolysis, formation 
in, 126 


Hydroquinones, resonance 
energies of, 138 
Hypochlorite, reaction with 
bromides, 252 
Hypochlorous acid, aqueous 
solutions of, photolysis 
of, 304-5 
Hypophosphorous acid, oxida- 
tion of, by iodate ion, 254 


Illinium, see Prometheum 
Immisc ibility 
intermolecular forces and, 


phase diagrams and, 49 
Indolizine, electrophilic re- 
agents and, 142 
Infrared spectroscopy 
absorption spectra and, 165 
of crystals, 159-60 
lattice structure and, 160 
temperature and, 160 
empirical, 155-56 
biochemistry and, 156 
technical developments in, 
156 
of isopentane, 199 
microcells for, 154 
pneumatic detectors in, 
153-54 
polarized radiation in, 154- 
55 
polytrifluorochloroethylene 
for, 151 
reflecting microscope in, 
154 
applications of, 154 
magnification of, 154 
spectrometers for, commer - 
cial, 152 
thermocouple detectors for, 


see also Raman spectra, of 
crystals; and Spectroscopy 
Iodine 
actinometry with, 122 
and dichloroethylene, iso- 
merization of, 294-95 
activation energy of, 295 
production of in iodobenzene 
photolysis, 300 
properties of, 75 
radiolysis of, colorimetry 
and, 128 
solubility of, 75-76 
solutions of, 75-78 
color of, 76 
equilibrium constant of, 77 
ultraviolet absorption of, 77 
lodobenzene, photolysis of, 300 
Ionization 
catalysis and, 283 
collisional processes and, 
118 


fluorescence and, 118 














Ionization (cont.) 
potential, 118 
radiation and, 117 18 
rearrangement peaks and, 
119 
velocity of, 118 
see also Ions 
Ions 
conductance of, limiting, 60 
decomposition of, 118-19 
products of, 118 
dipoles, dielectric constant 
and, 63 
masking effect of, 64 
mixtures of, Soret coefficient 
for, 68 
negative 
electron affinity of, 120 
electron-molecule inter - 
action and, 120 
production of, 120 
radiolysis of, 124-25 
size of, effective, dissoci- 
ation constant and, 62 
solvation of, determination 
of, 64 
solvents and, interaction of, 
62 
structure of 
and conductance, limiting, 
62 
dissociation constant and, 
63 
solvent properties and, 62 
transference number of 
conductance and, 62 
determination of, 59-60 
transport of, in solution, 
59-61 
determination of, 60 
nonelectrolytes and, 61 
see also Ionization 
Iron 
carbon system, metastable 
phases of, 45-46 
ferrous, radiolysis of, 128 
oxygen system, compositions 
of, 55 
transfer of electrons in, 
kinetics of, 262 
Isomers, see Rotation, inter- 
molecular; and specific 
substances 
Isopentane 
heat capacity of, effect of 
temperature on, 199 
isomers of, 199 
spectra of, 199 
Isopropanol, oxidation of, 
kinetics of, 245-46 
Isotopes 
neutron deficient, 108 
radioactive, 94 
reactions, effect of substitu- 
tion on, 259-63 
activation energies for, 260 
velocity of, 259-60 
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Isotopes (cont.) 
separations of, 106 
tracer applications of, 106-8 
biological, 107 
chemical, 107 
industrial, 107 
physical, 107 
radiocarbon, 107 


K 


Ketene, methylethyl ketone 
decomposition, formation 
in, 239-40 

Ketones, photolysis of, 296-98 

Kinetics, 233-66 

of biochemical reactions, 
264-66 
differential analyzer and, 
265 
collision theory and, 233 
of combustion, 235, 255-59 
dehydrochlorination and, 
mechanisms of, 238 
of enzyme reactions, 235 
of gas phase reactions, 
236-44 
chain inhibitors, 238-39 
fast reactions, 243 
free radical concentration 
in, 241 
thermal cracking and, 243 
of hydrocarbon autoxida - 
tion, 326-28 
of inorganic reactions in 
solution, 250-55 
ionic strength and, 250-51 
salt dissociation and, 254 
of isotopic reactions, 259- 
63 
radioactive tracers and, 
262 
mathematical analysis and, 
235-36 

of organic reactions in solu- 
tion, 244-50 
catalysis and, 244-45 
Sandmeyer reaction and, 
247-48 
solvents on, effect of, 244 

of polymerization, 263-64 

radioactive tracers and, 233 

rate equations, 234 

transient state in, 236 


L 


Lanthanide series 
actinide series and, simil- 
arities of, 99, 100-1 
gaseous atoms of, electron 
configurations for, 100 
ionic radii of, 100 
oxidation states of, 98 
Lanthanum chloride, molal 
volume of, effect of tem 
perature on, 70 
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Lanthanum ferricyanide, dis- 
sociation constant of, 63 

Lauric acid, adsorption of, 
349 

Lead 

electrode processes, 320 
nuclear fission of, 108 

Lead sulfide, photocell detec 
tors, 153 

Lead telluride, photocell de- 
tectors, 153 

Liquid state, statistical mech 
anical theory of, 175-86 

Lithium bromide, pressure 
volume -temperature rela- 
tions of, 70 

Lithium fluoride, crystalline, 
radiolysis of, 124 

Lucite diffusion cell, electro- 
lytic analysis in, 65 


M 


Magnesium 
carbon system, metastable 
phases of, 46 
sols, 354 
Magnetism, phase diagrams 
by, room temperature 
analysis of, 43 
Maleic anhydride, copolymeri- 
zation of, 340 
Malonic acid 
decarboxylation of 
rupture ratio of, 260-61 
velocity of, 260 
decomposition of, 254, 260 
Maltose, anionic transport of, 
61 
Manganese 
manganous, isopropanol oxi 
dation and, 245 
oxygen system 
compositions of, 55 
vapor pressure of, 54 
Melamine, structure of, 218 
Mercury 
electrode reaction of, 315 
ionic exchange in, 263 
photosensitization 
of cyclopropane, 299 
of ethane, 304 
of neopentane, 299-300 
of tetrafluoroethylene, 300 
Mesitoic acid, decarboxylation 
of, 246 
Mesitylene 
iodine -benzene solution in, 
equilibrium constant of 77 
iodine solution in 
absorption spectrum of, 
pH of, 77 
Metals, solutions of, 88 
thermodynamic properties 
of, 88 
Methane 
combustion of 


i 
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Methane (cont.) 
combustion of (cont.) 
low pressure, 256 
with oxygen, radiation in, 
303 4 
fluorine derivatives of, 
molecular vibrations of, 
164-65 
Methanol 
adsorption of, 349 
internal rotation of, micro- 
wave spectroscopy and, 
161 62 
Methemoglobin, horse, struc 
ture of, 225 
p-Methoxystyrene, photolysis 
of, 302 
Methy! chloride, Raman fre - 
quencies of, 200 
Methyl! chloroformate, photo 
chlorination of, 292 
Methylcyclohexane, configu- 
rations of, 204 
Methylene, molecular struc - 
ture-of, 165 
Methylene chloride, Urey- 
Bradley valence -force 
model for, 168 
Methylene cyclobutane, struc - 
ture of, electron diffrac - 
tion and, 196 
Methylethy!l ketone, decompo 
sition of, 239 
chain reactions in, 240 
ketene in, 239-40 
products of, 240 
velocity of, 240 
Methyl methacrylate 
copolymerization of, 342-43 
mechanisms of, 345 
polymerization of, 301-2 
velocity of, 264 
Methy! radicals, olefins and, 
photochemical reactions 
between, 297 
Microwave spectroscopy, 
161-63 
ammonia absorption and, 
151-52 
internal rotation and, 161-62 
energy barrier height and, 
166 
molecular structure and, 
161, 162-63, 207-9 
of asymmetric-top mole 
cules, 209 
of linear molecules, 207-8 
of symmetric -top mole- 
cules, 208-9 
nuclear quadrupole couplings 
and, 163 
nuclear spins and, 161 
Stark effect in, 161 
techniques of, 161 
see also Spectroscopy 
Microscopy, phase diagrams 
and, 47 
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Microscopy (cont.) 
room temperature analysis 
+ of, 43 
M iscibility, vapor -liquid 
equilibria and, 83 
Molybdenum, oxygen system, 
44 
metastable phases of, 46-47 
y-Molybdenum oxide, struc 
ture of, 229 
Monochloroacetic acid, water 
system, metastable phases 
of, 45 
Monodeuterobutane, and sul - 
furic acid, reaction rate 
of, 261 
Mustard chlorohydrin, hydro 
lysis of, 248 
Mustard gas 
adsorption of, 349 
hydrolysis of, 248 


N 


Naphthalene 
interaction constants of, 140 
molecular orbital valence 
theory applied to, 141 
structure of, 223 
valence -bond theory applied 
to, 146, 147 
Neopentane, decomposition of, 
mercury photosensitization 
of, 299-300 
Neptunium 
isolation of, 95-96 
properties of, 96 
Neutrons, radioactive decay 
of, 95 
Nickel 
current voltage curve for 
solutions of, 320-21 
Nickel oxide, catalysis by, 
282-83 
Niobium, see Columbium 
Nitric oxide 
inhibition by, 243 
molecular structure of, 193 
Nitriles, aliphatic azo, de- 
composition of, 249 
p-Nitroaniline, structure of, 
223 
Nitrobenzene 


Nitrogen dioxide 
formaldehyde, reaction with, 
257-58 
ozone, reaction with, 242-43 
Nitrosophenylhydroxylamine, 
polarographic reduction 
of, 313 
p-Nitrotoluene, sulfonation 
of, 247 
Nitrous oxide 
hydrogen mixture with, 
explosive limits of, 258 
radiolysis of, 124-25 
structure of, 208 
Nonelectrolytic solutions, 75- 
90 
fluorocarbons, 79-81 
ionic transport in, 61 
molecules of different size 
in, 78 79 
see also Electrolytic solu- 
tions; and Solutions 
Nuclear theory, 104-5 
closed shells and, 95 
magic numbers and, 104 
binding energy and, 105 
mesons and, 95 
neutrons and 
beams of, 94-95 
radioactive decay of, 95 
radioactivity and, 93-109 
spherical box model and, 
104-5 
total angular momentum and, 
105 
see also Radioactivity 
Nuclei, properties of, ener - 
getic, 95 


oO 


Olefins 
copolymerization of, ionic 
mechanisms of, 344 

polymerization of, 263-64 

methyl radicals and, photo- 
chemical reactions be- 
tween, 297 

oxidation of, photochemical, 


Oleic acid, radiolysis of, 
products of, 122 
Orthoclase, structure of, 230 


aluminum bromide and, inter- Oscillography, 313-23 


action of, 62 
conductance of, 61-62 
Nitrogen 
adsor} tion of 
by itapulgite, 347 
heat of, 348 
isotherms of, 348 
covalent bond radius of, 193 - 
94 
infrared absorption of, 165 
solubility of, 80-81 
triphenyl compounds of, sol 
ubility curves of, 87-38 


capacity phenomena and, 
318 

cathode ray, electrode 
polarization and, 314 

current-time curves and, 
314 

disadvantages of, 313 

dismutation reactions and, 
speed of, 317-18 

drop rate, synchronization 
of, 313 

electrode area and, 317 

half-wave potentials, 





Oscillography (cont.) 
measurement of, 313-14 
linearly changing voltage 
pulses and 
application of, 319-23 
concentration and, 321, 322 
current magnitude and, 
321, 322 
and ionic deposition, rate 
of, 322-23 
and potential change, rate 
of, 322 
reversible electrode reac - 
tions and, 320 
metal ion deposition and, 
314-15 
microelectrodes and, 317 
oxygen in, reversibility of, 
319 
quantitative determinations 
by, 319 
reversibility in, 317 
cation types and, 317 
effect of halogens on, 318 
sine -wave input 
applications of, 317-19 
capacitance and, 314, 316 
capacity effects of, 315 
conductance and, 314 
half-wave potential, 316 
reversibility and, 316 
square-wave pulses and, 
applications of, 317-19 
triangular voltage pulses 
and, 318-19 
see also Polarography 


Oxalic acid dihydrate, Fourier 


analysis of, 219 
Oxygen 
absorption of in rubber, 


chain scission and, 331-33 


adsorption isotherms of, 348 
carbon, adsorption by, 347 
chromium system, metas 
table phases of, 47 
columbium system, mag- 
netic susceptibility of, 48 
covalent bond radius of, 193- 
94 
electrode processes of, 319 
and ethylene, combustion of, 
radiation and, 303-4 
ethyl linoleate absorption of, 
326-27 
kinetics of, 327 
rate constants of, 328 
hydrocarbons and, tempera- 
ture-pressure relations 
of, 256 
hydrogen and, thermal com- 
bination of, 257 
infrared absorption of, 165 
iron system, composition of, 
55 
manganese system 
composition of, 55 
vapor pressure of, 54 
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Oxygen (cont.) 
and methane, combustion of, 
radiation and, 303-4 
molybdenum system, 44 
metastable phases of 46-47 
phosphorus system, metas- 
table phases of, 52 
on polymers, effect of, 325- 
34 
Silicon system 
metastable phases of, 46 
transformations in, slug- 
gish, 44 
tellurium system, metas- 
table phases of, 47 
titanium system, composi- 
tion of, 55 
uranium compounds, struc- 
ture of, 227 
Ozone 
decomposition of 
cobaltous jon and, 251 
perchloric acid and, 251- 
52 
molecular structure of, 193 
and nitrogen dioxide, reac- 
tion with, 242-43 


P 


Paraffins, thermal cracking 
of, 243 
Penicillin, infrared spectra 
of, 156 
Pentaborane, structure of, 
205 
Pentachloroethane, rotational 
forms of, 202 
Pentane, oxygen and, combus- 
tion of, 255 
n-Pentane 
isomers of, 199 
energy differences be- 
tween, 199 
photobromination of, 121 
photolysis of, 121 
Perchloric acid, ozone decom 
position and, 251-52 
Perfluorocyclopentane, tung 
sten hexafluoride and, 
vapor pressure of, 80 
Perfluorodimethyl-cyclohex - 
ane, nitrogen solubility in, 
80-81 
Perfluoromethyl-cyclohexane 
nitrogen solubility in, 80-81 
solubility curve of, 80 


Perfluoro-n-heptane 


iodine solubility in, 75-76 
nitrogen solubility in, 80-81 


Peroxidases, kinetics of, 264 
Peroxybenzoic acid, cyclic 


ketone reaction with, 249 


pH, standardization of, 70 
Phase diagrams 


of acetaldehyde, 52-53 
of benzaldioxime, 52 
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Phase diagrams (cont.) 
cerium -sulfur system, 43- 
a4 
chemical analysis and, 49 
chromium -oxygen system, 
metastable phases of, 47 
columbium-boron system, 
45 
magnetic susceptibility of, 
48 


construction of, 48-49 
and equilibria, heterogene- 
ous, 41-55 
eutectic point in, 51 
high temperature determina- 
tion of, 47-48 
microscopy and, 47 
iron-carbon system, 45 
iron-oxygen system, compo- 
sitions of, 55 
of liquid systems, immiscib- 
ility in, 49 
magnesium-carbon system, 
46 
manganese -oxygen system 
compositions of, 55 
vapor pressure of, 54 
metastable phases in 
liquid, 52 
solid, 45-47 
molybdenum -oxygen system, 


44 
metastable phases of, 47 
oxygen system of, metas 
table phases of, 52 
phosphorus-oxygen system, 
metastable phases of, 52 
physical measurement 
49 
physical properties and, 4¢ 
silicon-oxygen svstem, 44 
metastable phases of, 46 
tantalum-boron system, 45 
tellurium-oxygen system, 
metastable phases of, 47 
thermal analysis and, 48, 
50-51 
limitations of,51 
titanium -oxygen system, 
compositions of, 55 
tungsten-boron system, 41 
homogeneity ranges of, 43 
isomorphism of, 42 
lattice constants of, 42 
metastable phases in, 46 


and, 


uranium -carbon system, 47 
water -monochloroacetic 
acid system, 45 
and x-ray analysis, room 
temperature, 41 
limitations of, 42-47 
Phenanthrene, valence -bond 
theory and, 146, 147 
Phenol 
adsorption of, 349 
uncatalyzed alkylation of, by 
tertiary alkyl halides, 247 
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Phenolaldehyde resins, form 
ation processes of, 263 
Phenylglyoxylic acid 
electrode processes of, 323 
mathematical diffusion 
theory for, 313 
polarographic reduction of. 
312, 313 
Phenyl isocyanate, butanol 
and, reaction of, in xylene 
solution, 246 
Phenyl propiony! alanine, 
photolysis of, 300 
Phosgene, adsorption of, 349 
Phosphorus, triphenyl com 
pounds of, solubility 
curves of, 87-88 
Photochemistry, 291-306 
of aldehydes, 296-98 
of cellulose, effect of water 
vapor on, 305 
of dimethyl mercury, 298- 
99 
exchange reactions in, 305- 


of halogens, 291-95 
of hydrogen peroxide, 295- 
96 


of ketones, 296-98 
photographic reciprocity 
law, low intensity failure 
of, 305 
of polyatomic molecules, 
299-301 
polymerization and, 301-3 
Pimaric acid, ethanol solu- 
tion of, isomerization of, 
249-50 
Pimelic acid, structure of, 
220 
Plutonium 
chlorine compounds of, 
structure of, 227 
isolation of, 96 
properties of, 96 
Polarity, alternating, molecu 
lar-orbital valence theory 
of, 143-44 
Polarographic waves 
carbon dioxide solutions 
and, 311 
equation of, 310-11 
halogen reductions and, 311 
height of, 312 
irreversible, 310, 311 
kinetically limited, 311-13 
symmetry of, 310 
see also Polarography 
Polarography, 309-23 
alternating current, 313-23 
cathode ray, 320 
diffusion current and, 309 
direct current and, 315-16 
electrode surface, growth 
rate of, 312 
oscillograph and, 313-23 
reduction systems in, 309,312 
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Polarography (cont.) 
weak acids in, mathemati 
cal diffusion theory for, 
312-13 
see also Oscillography; 
and Polarographic waves 
Polyarylethane, dissociation 
constants of, 137-38 
Polyethylene, radiolysis of, 
polymerization and, 123 
Polyisoprene, oxidation of, 
chain propagation in, 263 
Polymerization 
absolute velocity constants 
and, 301 
of acetaldehyde, 53 
frequency factors in, 303 
kinetics of, 263-64 
light absorption measure - 
ments and, 303 
photochemistry and, 301-3 
and tertiary hydroperoxide, 
decomposition of, 332-33 
see also Copolymerization; 
Phase diagrams; and 
Polymers 
Polymers 
changes in during oxidation, 
329-33 
aggregative reactions, 330 
disaggregative reactions, 
330-31 
physical, 329-30 
study methods and, 331 
degradative reactions of 
applications of, 333-34 
effect of chemical struc- 
ture on, 333 
inhibition of, 333 
molecular weight and, 334 
new compound formation 
and, 334 
hydrocarbons, 325-29 
properties of, oxygen on, 
325-34 
see also Copolymerization; 
and Polymerization 
Polypeptides, synthetic, infra- 
red spectra of, 156 
Polythene, autoxidation of, 333 
Polytrifluorochloroethylene, 
infrared spectrum and, 151 
Potassium 
colloidal exchangeability of, 
351 
ionic transference number 
of, 60 
Potassium bromide, crystal- 
line, radiolysis of, 124 
Potassium caprate, structure 
of, 221 
Potassium chloride 
crystalline, radiolysis of, 
124 
motal volume of, effect of 
temperature on, 70 
Potassium dinitrososulfite, 


Pot tssium dinitrososulfite, 
structure of, 228, 929 
Potassium ferrocyanide, dis 
sociation constant of , 63 
Potassium persulfate, decom- 
position of, in aqueous 
solution, 249 
Potassium trichlorocuprite, 
structure of, 228-29 
Prometheum, 101 
Propane, isomerization of, 
260 
Propionaldehyde, polarogra- 
phic reduction of, 312 
Propionic acid, radiolysis of, 
products of, 122 
Propiony! phenyl alanine, 
photolysis of, 300 
n-Propyl chloride, Raman 
frequencies of, 200 
Propylene 
decomposition of, 239 
ethylene and, photolysis rate 
of, 297 
Proteins, infrared spectra of, 
156 
Prussic acid, structure of, 
208 
Purines, structure of, 221-23 
Pyrene, bond lengths of, 139 
Pyridine 
aluminum bromide and, in- 
teraction of, 62 
conductance of, 61. 62 
electrode processes and, 318 
Pyrimidines, structure of, 
221-23 
Pyruvic acid, polarographic 
reduction of, 312, 313 


Q 


Quinones, resonance ener 
gies of, 138 


R 


Radiation, 113-30 
absorption of, 116 
charged particles and, 113-14 
energy of, 113, 116 
ionization density of, 114 
velocity of, 114 
chemistry of, 116-21 
dosage measurement of, 129 
actinometry and, 129 
6-rays and, 114 
excitation processes and, 
115, 116-17 
ionization potential and, 116 
ionization processes and, 
115, 117-18 
physics of, 113-16 
Wigner effect and, 114-16 
see also Radioactivity; and 
Radiolysis 
Radioactivity 


Radioactivity (cont.) 
of carbon, 94 
fission and 
energy of, 103 
process of, 93 
yield curve, 102.3 
hot laboratory techniques 


and, 103 
architectural design and, 
104 


requirements of, 103-4 
isotopes and, 94 
separation of, 106 
tracer applications of, 
106-6 
neutron emission and, 103 
nuclear theory and, 93-109 
products of, 102-4 
separation of, 103 
uses for, 104 
see also Nuclear theory; 
Radiation; and Radiolysis 
Radiolysis 
of acids, 122-23 
products of, 122 
of aqueous systems, 125-28 
halogen ions and, 127-28 
of gases, 124-25 
of halides, 121-22 
of hydrocarbons, 121-22 
of inorganic systems, non- 
aqueous, 123-25 
ionic crystals and, colora- 
tion of, 123-24 
negative ion formation in, 
124-25 
of organic compounds, 121- 
23 
in aqueous solution, 128 
polymerization and, 123 
see also Radiation; and Ra- 
dioactivity 
Raman spectra 
of n-butane, 198 
of crystals, 156-59 
diamond, 157 
frequencies of, 159 
merits of, 159 
theory of, 158 
types of, 157 
of 2,3-dimethylbutane, 200 
ionic concentration and, 71 
of isopentane, 199 
of pentachloroethane, 202 
of polycrystalline solids, 
198-99 
of spiropentane, 196 
temperature and, 199 
of 1,1,1,2-tetrachloroethane, 
202 
of 1,1,2,2-tetrachloroethane, 
202 
see also Spectroscopy 
Ramsdellite, structure of, 230 
Rayleigh interferometer, 
Gouy fringes and, 66 
Rickardite, structure of, 230 
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Rotation, intramolecular 
of n-butane, 198 
of cyclic compounds, 203-4 
energy barriers and, 166, 
197 
height of, 166, 197 
origin of, 166 
of halogen-containing com 
pounds, 200-3 
of hydrocarbons, aliphatic, 
197-200 
of isomers, 167 
single bonds and, 196-204 
and stability, isomeric, 197, 
198, 204 
Rubber 
chain scission in 
oxygen absorption and, 
331-33 
rates of, 332 
heat hardening of, 330 
oxygen absorption in 
chain scission and, 331-33 
photoactivation and, 332 
rate of, 332 
Rubidium uranyl nitrate, 
structure of, 227 
Rutile, nitrite adsorption and, 
350 


Ss 


Sandmeyer reaction, effect of 
temperature on, 247-48 
Sebacic acid, structure of, 
220 
Selenious acid, structure of, 
228 
Semicarbazone, formation of, 
with acetophenones, 248- 
49 
Silica gel, adsorption by 
air velocity on, 350 
of nitrites, 350 
Silicon 
oxygen system 
metastable phases of, 46 
and transformations, slug- 
gish, 44 
rare-earth compounds of, 
structure of, 228 
Silicon tetrafluoride, radioly 
sis of, negative-ion forma- 
tion in, 125 
Silver 
adsorption of, 354 
alloys, catalytic activity of, 
283-84 
Silver bromide, photolysis of, 
304 
Silver chloride 
photolysis of, 304 
polarized radiation and,154-55 
Silver oxide, autocatalytic de- 
composition of, 243 
Soap, critical micelle con- 
centration of, 351 
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Sodium, ionic transference 
number of, 60 
Sodium azide, bromine reac- 
tion of, 255 
Sodium bromide, pressure- 
volume. temperature re- 
lations of, 70 
Sodium chloride 
crystalline, radiolysis of, 
124 
pressure-volume -tempera- 
ture relations of, 70 
Sodium hypochlorite, aqueous 
solution of, photolysis of, 
304-5 
Sodium nitrite, sodium thio- 
sulfate reaction with, 255 
Sodium sesquicarbonate, 
structure of, 228 
Sodium thiosulfate, sodium 
nitrite reaction with, 255 
Solids, catalysis and, 283-87 
Solubility 
dipole moments and, 76 
of fluorocarbons, 79 
of iodine, 75-76 
of nitrogen solutions, 80-81 
solid-gas, critical tempera- 
ture and, 87 
Solutions 
binary 
clustering and, 83 
condensation phenomena 
and, 82 
critical phenomena in, 81- 
87 
ideal behavior in, 89 
miscibility of, 83 
and surface tension, inter - 
facial, 87 
van der Waals equation of 
state and, 81-82 
and vapor pressure, total, 
87 
and conductance, electro- 
lytic, 61-64 
critical phenomena of, light 
scattering and, 86 
electrolytic, 59-72 
gaseous, 89 
adsorption of, on solids, 
89-90 
inorganic reactions in, 250- 


of iodine, 75-78 

ion transport in, 59-61 

kinetics, chemical in, 234 

metallic, 88 

and mixing, free energy of, 
88 

multicomponent theory of, 
and temperatures, 
unique, 84 

nonelectrolytic, 75-90 

organic reactions in,244-50 

physical interactions and, dif- 
ferentiation between, 89 
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Solutions (cont.) 
regular, theory of, cluster- 
ing and, 84 
solid, 87-88 
see also Electrolytic solu- 
tions; and Nonelectro- 
lytic solutions 
Solvents, ions and, interac- 
tion of, 62 
Soret coefficient, ionic mix- 
ture and, 68 
Spectroscopy, 151-69 
absorption spectra and, 165 
of iodine solutions, 77 
of ammonia, 151-52 
Born theory of crystals 
and, 157-58 
frequency spectrum and, 
158 
merits of, 159 
empirical, 155-56 
fluorocarbons and, mole- 
cular vibrations of, 164- 
65 
force constants and, 167-69 
internal rotation and, 165-67 
lead sulfide photocell de 
tectors in, 153 
lead telluride photocell 
detectors in, 153 
low temperature cells in, 
151 
microcells and, 154 
molecular structure and, 
-69 


of bifluorides, 165 
of borohydrides, 165 
of hydrocarbons, 165 
of ozone, 193 
molecular vibrations and, 
164-69 
orthicon tube detector for, 


photoelectric detectors for, 
152-53 

pneumatic detectors for, 
153-54 

polarized radiation and, 154- 
55 

polytrifluorochloroethylene 
in, 151 

radiation detectors for, 152 

Raman light sources, 151 

Raman spectra of crystals 
and, 156-59 

reflecting microscope and, 
154 

applications of, 154 
magnification of, 154 

and spectrometers, com- 
mercial, 152 

synthetic crystals and, 152 

techniques of, 151-55 

thermocouple detectors for, 
153 


see also Infrared spectros- 
copy: Microwave spec - 
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Spectroscopy (cont.) 
troscopy; Raman spectra; 
Rotation, intermolecular; 
and Ultraviolet spectros 
copy 

Spiropentane, electron diffrac 

tion of, 196 
Stannic chloride, styrene 
polymerization by, cata! - 
ysis of, 264 
Stark effect, microwave spec- 
troscopy and, 161 
Statistical mechanics, 175-86 
cell method computations, 
183-84 
empirical attempts, 184 
and entropy, communal, 
184 
and fluids, crystalline 
theory of, 183 
and fluids, thermodynamic 
properties of, 183 
and melting, theory of, 183 
minimum free energy and, 


184 
and state, equations of, 

184 

corresponding states, law 
of, 185 

distribution functions and, 
175-83 

order -disorder problems, 
185-86 


binary solutions, 185 
free energy and, 186 
potential energy and, 185- 
86 
see also Distribution func - 
tions 
Stibosobenzene, dispropor - 
tionation of, 244 
Strontium, colloidal exchange - 
ability of, 351 
Strontium orthophosphate, 
structure of, 229 
Structure 
bonds, single 
properties of, 197 
rotation about, 197 
bridge model, 205 
electron diffraction and, 


149-96 

explosive performance and, 
258 -59 

of inorganic compounds, 
225-30 

microwave spectroscopy 
and, 207-9 


molecular, 189-210 

nuclear resonance absorp- 
tion and, 209 

neutron diffraction and, 209- 
10 

of organic compounds, 220- 
25 


see also Crystallography; 
and Rotation, intermolec- 


Structure (cont.) 
ular 
Styrene 
copolymerization of, 341, 
342-43 
mechanisms of, 345 
photolysis of, 302 
polymerization of 
chain initiation of, 263 
radiolysis and, 123 ’ 
Stannic-chloride catalysis 
of, 264 
B-Succinic acid, structure 
of, 
Sulfur 
cerium system 
homogeneity ranges of, 44 
lattice constants of, 43 
rare-earth compounds of, 
structure of, 227-28 
Sulfur dichloride, structure 
of, electron diffraction 
and, 195 
Sulfur dioxide 
combustion of, 257 
radiolysis of, negative-ion 
formation and, 125 
structure of, 209 
Sulfur hexafluoride, radiol- 
ysis of, negative-ion form- 
ation in, 125 
Sulfuric acid 
carbon adsorption of, 348 
concentrated 
monodeuterobutane, reac - 
tion rate with, 261 
organic acid decomposi- 
tion in, 246 
Surfaces 
adsorption and, 272-74 
chemistry of, 271-87 
advances in, 271, 272 
heterogeneity and, 277-83 
iron synthetic ammonia 
catalysts and, 277 
relative, 279 
synthetic ammonia cata- 
lysts and, 277 
homogeneity and, 277-83 
and metal films, evaporated, 
271-72 
potential energy barriers 
and, 272 
see also Adsorption; and 
Catalysis 
Surface tension, interfacial, 
binary solutions and, 87 


¥ 


Tantalum, boron system, 
Stability range of, 45 
Tellurium, oxygen system, 

metastable phases of, 47 
Technetium, 101 
isolation of, 101 
isotopes of, stable, 101 





Technetium (cont.) 
properties of, 101 
Tellurium dibromide, struc - 
ture of, electron diffrac - 
tion and, 195 
Tellurium tetrachloride, 
structure of, electron dif- 
iraction and, 195 
Temperature 
control of, 2 
measurement of, 2 
seale of, 2 
definition of, 2 
1,1,1,2-Tetrachloroethane, 
rotational forms of, 202 
1,1,2,2-Tetrachloroethane 
dipole moment of, 202 
isomers of, stability of, 202 
Tetrachlorocyclohexane, 
structure of, 224 
Tetrachloroethylene, chlorine, 
photochemical reactions 
with, 294 
Tetrafluorvethylene, decompo- 
sition of, mercury photo- 
sensitization and, 300 
Tetrahalides 
inert, polar compounds and, 
87 
metallic compounds of, 
structure of, 194.95 
Tetralin, liquid phase, autoxi- 
dation of, 303 
Tetramethylammonium chlo- 
ride, oscillographic reduc 
tion of, 315 
Tetramethyldiborane, struc - 
ture of, 207 
Tetraphenylcyclobutane, 
structure of, 223 
Thallium 
current-voltage curve of, 
320 
radioactive, transfer of 
electrons and, kinetics 
of, 262 
Thermochemistry, 1-18 
see also Thermodynamic 
functions, and Thermodyn- 
amics 
Thermodynamic functions, 
Statistical calculation of, 
2-4 
for gaseous molecules, 2 
for inorganic compounds, 2 
fur organic compounds, 2-3 
from molecular data, 3-4 
see aiso Thermodynamics 
Thermodynamics, 1-18 
calorimetry and, 7 
constants of, fundamental, 1 
and dissociation, energy of, 


6-7 
of electrolytic solutions, 
68-72 
Debye -Hlickel equation 
and, 68-69 
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Thermodynamics (cont.) 
of electrolytic solutions 
(cont.) 
molal volume and, 70 
Stokes-Robinson equation 
and, 69 
of fluid systems, 183 
and formation, energy of, 
6-7 
phase diagrams and, 48, 
50-51 
limitations of, 51 
and reaction, heats of, 7-17 
Third Law of, entropies 
from, 4-6 
see also Thermodynamic 
functions 
Thiophene, bond lengths of, 
139 
Thorium tetrachloride, struc 
ture of 227 
Titanium, oxygen system, 
compositions of, 55 
Tobacco mosaic virus, inac- 
tivation of, formaldehyde 
and, 266 
Toluene 
adsorption of, 349 
iodine, solution in 
absorption spectrum of, 77 
Tourmaline, structure of, 
230 
Transuranic elements, 95-101 
actinide series, 97 
americiun , 96-97 
berklium, 97 
curium, 97 
neptunium, 95-96 
plutonium, 96 
x-ray cryStalline structure 
of, 99 
see also Actinide series 
1,1,2. Trichloroethane 
dipole moment of, 201, 202 
isomers of 
energy barriers and, 201 
stability of, 201 
structure of, 201 
Trifluoromethy! benzene, 
iodine solution in 
absorption spectrum of, 77 
Tritium 
production of, macroscopic, 
108-9 
radiocarbon and, 109 
water radiolysis and, 127 
Tungsten 
boron system 
homogeneity ranges of, 43 
isomorphism of, 42 
metastable phases of, 46 
phase diagrams of, 41-42 
and transformations, 
sluggish, 44 
evaporated films of, rapid 
desorption and, 278 
Tungsten hexafluoride, per - 
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Tungsten hexafluor ide(cont.) 
fluorocyclopentane and, 
vapor pressure of, 80 

y- Tungsten oxide, structure 


of, 229 
U 
Ultraviolet radiation, DDT 
and, 300 
Ultraviolet spectroscopy, 
160-61 
molecular accessibility to, 
160-61 
photoelectric detectors for, 
152-53 


polyatomic molecules and, 


reliability of, 161 
vacuum spectrographs and, 
161 
valence and, 160 
see also Spectroscopy 
Uranium 
carbon system, 47 
oxygen compounds of, 
structure of, 227 
see also Transuranic 
elements 
Uranium hexafluoride, Fourier 
analysis of, 219 
Uranium hexachloride, struc- 
ture of, 226-27 
Uranium pentafluoride, struc - 
ture of, 225 
Uranium tetrachloride, struc - 
ture of, 227 
Urany! acetate, acetic acid 
solution of, photolysis of, 
300-1 
Urany! fluoride, structure of, 
225 26 
Urea, hydrolysis of, urease 
catalysis and, 266 
Urease, urea hydrolysis and, 
catalysis of, 266 


Vv 


Valence, see Valence theories 
Valence theories, 133-48 
force constants and, 167-68 
free-electron, 144-45 
molecular orbital, 133-44 
activation energy and, 141 
and alternating polarity, 
law of, 143 44 
bond lengths and, 139 
bond order and, 135, 142 
chemical reactivity and, 


chemical properties and, 
140-42 

conducting properties and, 
138 

conjugation energy and, 
137 
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Valence theories (cont.) 
molecular -orbital (cont.) 

conjugated molecules and, 
141 

electron density and, 135, 
142 

force constants and, 139-40 

free valence and, 143 

fundamental equations of, 
34 


interaction constants of, 
140 

modes of reaction and, 
137 


molecular size and, 138 

nonorthogonality and, 137 

physical properties and, 
136 


principles of, 134-35 
resonance energies and, 
136-39 
resonance integral size 
and, 136-37 
scope of, 133-34 
skeletal strain and, 137 
structure, 143-44 
unsaturated molecules 
and, 135-36 
validity of, 144 
ultraviolet spectroscopy 
and, 160 
valence-bond, 145-48 
applications of, 146 
limitations of, 146 
methods of solution, approx- 
imate, 147-48 
methods of solution, exact, 
146 
molecular diagrams and, 
145-46 
Vanadium tetrachloride 
dimerization of, 89 
structure of, electron 
diffraction and, 195 
Van der Waals equation of 
State, binary solutions 
and, 81-82 
Van der Waals forces, dis- 
tribution functions and, 
176-77 
Vapor pressure 
determination of, 54 
of perfluorocyclopentane - 
tungsten hexafluoride 
solution, 80 
and solutions, binary, 87 
Vinyl acetate 
copolymerization of, 341 
polymerization of, 301-2 
Vinylidene chloride, copoly 
merization of, 342-43 


Ww 
Water 


adsorption of, 349 
gold sols in, 353 





SUBJECT INDEX 


Water (cont.) 
monochloroacetic acid 
system of, metastable 
phases of, 45 
radiolysis of, 125-27 
benzene and, 129 
benzoic acid and, 129 
halogens and, 127-28 
impurities and, 128 
ion formation and, 126 
oxygen concentration and, 
125 
products of, 125 
radiation type and, 125 
steady states and, 127 
thermal lag effect in, 126 
vapor, on cellulose photol 
ysis, 305 
Wigner effect, 114-16 
displacement and, 115 
excitation and, 115 
hydrogenous material and, 
115-16 
ionization and, 115 
Wool, chlorination of, 250 


xX 


X-ray analysis 
high temperature, 47 
room temperature 
applicability of, 44 
homogeneity ranges and, 
43 
limitations of, 42-47 
phase diagrams and, 41 
of single crystals, 41 
stability range of, 45 
temperature coefficients 
of stability and, 43 
and transformations, 
sluggish, 44 
X-ray crystallography, see 
Crystallography 
Xylene 
iodine solution in 
absorption spectrum of, 77 
phenyl isocyanate -butanol 
reaction in, 246 


Z 


Zinc oxide, electron structure 
of, catalysis and, 285 
Zirconium oxysulfide, struc - 

ture of, 229 








